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PREFACE

This study, the second phase of a two-phase program, was spon-
sored by the Federal Aviation Administration thr&ugh Inter-Agency Agree-
ment No. DOT FATSWAI-848, "Nondestructive Testing for Light Aircraft
Pavements.”" Phase I of the study was conducted durirg the period April
1978 - July 1979 and was reported in FAA Report No. FAA-RD-80-9, "Nonde-
structive Testing for Light Aircraft Pavements; Phase I, Evaluation of
Nondestructive Testing Devices.”" Phase II w;; conducted during the
period August 1979 - August 1980 under the direction of Mr. J. P. Sale,
Chief (retired), Geotechnical Laboratory (GL); Dr. D. C. Banks, Acting
Chief, GL; Dr. P. F. Hadala, Assistant Chief, GL; Messrs. R. L. Hutchinson,
Chief, Pavement Systems Division (PSD); A. H. Joseph, Acting Chief, PSD;
and J. W. Hall, Jr., Chief, Prototype Testing and Evaluation Unit, PSD,
of the U. S. Army Engineer Waterways Experiment Station (WES). Dr.
Walter R. Barker and Messrs. P. 8. McCaffrey, Jr., R. D. Curtis, and
A. J. Bush III actively participated in the study. The report was pre-
pared by Mr. Bush.

Director of the WES during the conduct of the investigation and
preparation of this report,yas COL Nelson P. Conover, CE. Technical

Director was Mr. Fred R. Brown.
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INTRODUCTLON

e

BACKGROUND ;

Nondestructive testing (NDT) devices are being widely used to

evaluate the load-carrying capability of pavements for air carrier and i

highway pavements. Evaluation procedures have been developed using vari-

VN

ous types of NDT devices for these pavements. Phase Il of this study

’ evaluated commercially available NDT devices for use on light aircraft
pavements (design gross loadings less than 30,000 1b). Phase II, re-

. ported herein, is to develop a methodology for evaluation of light air-
craft pavements based upon multilayered elastic models and limiting

stress/strain criteria.
PURPOSE

The purpose of Phase II of this study is to develop an evaluation
procedure based on a multilayered elastic procedure for evaluating pave-
ments that support aircraft with gross weights of less than 30,000 1b.
The evaluation will determine the allowable gross aircraft load for a

given number of operations.
SCOPE

This study will utilize data only from nondesiructive testing

devices similar to the Model 2008 Road Rater. Although concepts for

the model are general and would probably apply to any of the other

devices evaluated in the Phase I study, this device alone was used in

development of the evaluation methodology.
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DEVELOPMENT OF THE EVALUATION METHODOLOGY

REVIEW OF NDT EVALUATION PROCEDURES

Since a number of NDT pavement evaluation procedures have been
developed, a cursory review will be made to outline the confines for
which this methodology was restricted.

Green and Hall2 reported a procedure that uses the U. S. Army
Engineer Waterways Experiment Station (WES) 16-kip vibrator. This pro-

cedure uses a dynamic load sweep at a constant frequency of 15 Hz. Only

the center deflection is measured and the resultant parameter (dymamic .
stiffness modulus (DSM)) is computed as the inverse slope of the upper

third of the load deflection relationship. The DSM is correlated di-

rectly with allowable single-wheel load. The procedure utilizes the

U. S. Army Corps of Engineer (CE) California Bearing Ratio (CBR) design

for flexible pavements and the Westergaard theory for rigid pavements.

Weiss3 reported a layered elastic evaluation procedure using re-
sults from the WES 16-kip vibrator. This procedure is used to predict
the subgrade modulus. Since the Model 2008 Road Rater produces a 4000-
1b peak load {8000-1b peak to peak) as compared with 15,000-1b peak for
the WES 16-kip vibrator, this procedure could not be readily adapted.

Yangh reported a procedure that uses the WES 16-kip vibrator and
a8 frequency sweep where the dynamic load is held constant and the fre-~
qQuency is varied between approximately 5 and 50 Hz. This procedure
predicts the subgrade modulus.

The frequency sweep test requires approximately 10 times the
amount of time to conduct as a load sweep. WES research indicates that
the data derived from a frequency sweep do not warrant the extra time
required to collect. Pavement material properties are frequency-
dependent. Therefore, another variable is introduced to the evaluation
method that must be accouated for.

Treybig et al.5 reported a layered elastic evaluation/overlay de-

sign procedure using the Dynaflect testing device, 1In this procedure,
the modulus values of the upper layers are assumed. Samples are taken

of the granular base and subbase and subgrade materials, which are




tested in the laboratory using n dynamic load Lriaxial test Go determine
the resilient modulus. By use of the deflection from the number one
sensor of the Dynaflect and assumed or laboratory modulus values, the
modulus of the subgrade is determined through a series of nomographs.
This modulus is compared with the laboratory results of resilient modu~
lus versus deviator stress. Through a series of approximations of
stress and modulus that parallels the laboratory relationship, the design
modulus is predicted. The basic concepts of the Treybig procedure are
similar to the approach being reported except that a goal in developing
this procedure is not to require destructive sampling and laboratory
testing.

Koole6 reported a layered elastic evaluation/overlay design pro-
cedure using the Falling Weight Deflectometer. The deflection at the
center of the applied load and the ratio of that deflection to a deflec-
tion some distance away from the applied load were used. The pavement
was characterized by a three-layer system. The subgrade modulus and
either the asphaltic concrete (AC) modulus or the AC thickness are deter-
mined in this procedure. The modulus values for the AC layer (if the
thickness is to be determined) and layer 2 are determined from laboratory
results or from construction records. The effective thickness of the
surface layer is determined. From these values, the layered elastic
theory is used to predict allowable or overlay requirements.

Anani7 reported results using the Model 400 Road Rater. The
Model 400 Road Rater, described in detail in Phase 1 of this study,
applies a peak-to-peak dynamic load of approximately 720 1b to the
pavement through two b- by T-in. pads spaced 6 in. apart. Four sensors
are used to monitor deflections. One is located between the pads while
the other three are spaced at 1-ft intervals.

Anani used the BISAR computer program developed by the Shell 0il
Company with successive approximation techniques to determine the elastic

moduli of the pavement layers. Using up to a four-layer system, the

procedure approximated the E values by the following equation:

_ RRD(I) + A(I)
E(I)new = E(I)Old x S RRD(I)




where

E(I)new = modulus value for layer I
E(I)Old = previous assumed modulus value for layer I
RRD(I) = measured deflection corresponding to layer I, i.e.,

deflection No. 4 is dependent on layer 4 and deflec-
tion No. 3 is dependent on layer 3, etc.

A(I) = deflection from BISAR associated with E(I)Old .

Other procedures have been developed by Sharpe8 and Ullidt29

that predict modulus values for pavement systems using the layered
theory and nondestructive testing devices. These procedures use two
deflection measurements from the deflection basin.

As shown above, a number of researchers used nondestructive
testing and the layered elastic theory to evaluate and design overlays
for pavements. The procedure developed in this study will incorporate
some of the stronger points of those procedures as well as add some new

approaches.
EXPERIMENTAL DATA

The data used in developing this procedure were collected on the
Pennsylvania Transportation Research Facility (PTRF) and on selected
pavements at the WES. The PTRF is a one-mile track located at Pennsylvania
State University. Fifteen items were tested with the Model 2008 Road
Rater in June 1978. From 1 to 20 tests were conducted on each item.

The deflections used in this study will be the average of those tests.

These averages are given in Table 1 for the T000- and 5000-1b force

levels. The pavement structures of the 15 items are given in Table 2.

Also shown in Table 2 are the number of equivalent 18-kip axle loads .
(EAL) that were applied to the pavement items prior to testing. The

surface conditions of the items were good except for items 3, A, and C.

These items exhibited some surface distress such as longitudinal and

alligator cracking.

Two test pits were excavated in the PTRF to obtain samples of the
granular subbase material and the subgrade. Undisturbed block samples
and bag (disturbed) samples were taken of the subgrade. Bag samples

were also taken of the subbase. Resilient modulus tests were conducted

L




Table 1
Model 2008 Road Rater Deflections on PTRF Items

for 7000- and 5000-1b Loads
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1 1bf = L. LL8 N; 1 mil = 25.4 microns.
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on *hece samples in accordance with the procedures outlined in Appendix
A. Lfverage results of the subgrade tests are presented in Figure 1.

It should be nonted that undisturbed samples gave higher modulus values
than disturbed samples., The granular subbase results are presented in

Figure 2.

RELATIONSHIFP OF LAYERED ELASTIC
THEORY TO MEASURED DEFLECTIONS

GENERAL

The first assumption in developing this procedure is that dynamic

deflections correspond to those deflections predicted from the layered
elastic theory. To validate this assumption experimental data were com-

pared with results from two computer programs. The first is the Shell

BISAR computer program, based on the layered elastic theory, which re-
lates stress and strain in each layer to a load applied at the surface
of a pavement. The other program, entitled CHEVIT,10 gives a nonlinear
approach to the solution of the modulus of the lower layers by using
laboratory stress-modulus relationships for granular and subgrade layers.
Those layers are divided into sublayers for which the stress is calcu-
lated initially, and from the laboratory stress-modulus relationship a
new modulus is computed. With this modulus, the program again computes
the stress. The program iterates until a solution is obtained for

modulus and stress.
LINEAR ANALYSIS

To determine the applicability of the deflection basin to the
layered elastic énalysis, the BISAR computer program was initially used.
The modulus values for the AC surface layers were obtained from the 16-

Hz relationshipll presented in Figure 3. An evaluation of data collected
with the WES 16-kip vibrator on specially constructed temperature sections
at the WES was made using the 16-Hz modulus versus temperature relation-
ships. The test sections were small (approximately 20 by 20 ft) and
consisted of varying thickness of AC over a lean clay (CL) subgrade.

The design of these sections considered the thickness of AC to be the

only variable. Tests were conducted over a wide range of temperatures.

: Modulus values for the AC as determined from Figure 3 were used in the

8
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ASPHALTIC CONCRETE
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%
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Figure 3. Modulus-temperature relationships for
AC surfacing (1 psi = 703 kg/me; 1°F = -17°%C)
(after Kingham and Kallasll)

BISAR program to predict deflections. Good correlation was obtained for
the temperature test section between the deflection ratios (deflection
at a given temperature to deflection at TOOF) obtained from the experi-
mental results and the results from the BISAR. Therefore, the relation-
ships presented in Figure 3 were selected for determination of the AC
modulus values.

Modulus values for the pavement layers other than the AC surface
layers of the PTRF were estimated from construction data and based on
laboratory results that were collected during the initial construction
(not the laboratory results presented in this report). Poor agreement
was obtained between the BISAR deflections and the measured deflections
for the PTRF sections. Therefore, it was concluded that it is extremely
difficult to estimate correct modulus values for pavement layers that

have been subjected to extensive traffic and environmental effects.

NONLINEAR ANALYSIS

An analysis was then made using the CHEVIT nonlinear program.
10




The granular subbase layer was characterized by the laboratory relation-
ships shown in Figure 2. The subgrade resilient modulus relationships
in Figure 4 represent the averages of the undisturbed sample tests.
Figure 5 shows a typical pavement section (PTRF item 1A). The initial
estimate for the modulus of the nonlinear layers, as well as the modulus
for the linear layer, is given. Pavement sections for all of the PTRF
items are shown in Table 2.

The summation of the strains in the bottom layer to infinity by
the layered elastic model tends to give larger deflections than the
measured values. To compensate for this effect, a rigid layer was
placed in this system model at a depth of 20 ft below the surface.
Figure 6 shows a comparison of predicted deflections with and without
the rigid boundary to the measured deflections. Note that the basins
predicted from CHEVIT using the rigid layer agree better with the Model
2008 Road Rater basins than those predicted without the rigid layer.

30008
25000
g W = -15200d ¢ 20120
im.. 6d < 181 PSL
515“-4
[
g
110008 -
B Y [ .
g ( °
N~ = 0888 P81
5908 - Gd 101 P8t
"] —T T T T
2 5 18 15 28

DEVIATOR STRESS, 0’ d PSI

Figure L. Relationship of subgrade resilient
modulus and deviator stress used in CHEVIT
(1 psi = 703 kg/m2)
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STRESS CALCULATION POINTS
Mre= 108, 088Ps] Ve=02.4 ¢ he= 122 IN.
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PTRF item 1A pavement section breakdown >
for CHEVIT input (1 in. = 2.54 em; 1 psi = 703 kg/m")
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Basins are shown for each of the 15 test items of the PTRF in

Figures 7 through 11. Tests with both 5000~ and 7000-1b loads were con-

ducted and compared with CHEVIT results. Note the good agreement in the
basin data for those sections without the lime and cement-treated base
courses. The modulus wvalues for the lime and cement-treated layers were
taken from construction records. The heavy traffic on the PTRF at the
time of test apparently resulted in cracking of these stabilized layers.
Therefore, the stabilized layers had much lower moduli values at the
time of the test than those values used in the CHEVIT analysis. This
fact explains the variance in measured and predicted deflections in
items 3, A, C, E, F, and G shown in Figures 8, 10, and 11. From the
results, it appears that the deflection basin is a measurement that can
be modeled with a layered elastic theory and, therefore, used to predict

the strength parameters of the pavement layers.

EFFECTS OF STATIC PRELOCAD

The effects of the static load applied to the pavement surface as
a preload with the Model 2008 Road Rater were analyzed using the CHEVIT
program. Figure 12 illustrates loading versus time for the Model 2008
Road Rater for the 5000~ and T000-1b tests. The sinusoidal loading ap-
plies a minimum and a maximum force to the pavement surface. The magni-
tudes of these forces range from 500 to 6500 1b for the 5000-1b peak-to-
peak force level and from 500 to 7500 1b for the 7000-1b peak-to-peak
force. The CHEVIT program was run with forces of 6500 and 1500 1b, and
the differences (diff) in predicted deflections from each run were
calculated to model the sinusoidal loading of the Road Rater. The re-
sults were compared to a run where the force was 5000 1b. Table 3 shows
the results of these calculations for PTRF items 1A, 1B, and 2. A maximum
difference of 6.3 percent occurred at the 5000~1b force level at 12 in.
from the center of the load; however, the percent difference was prac-
tically negligible for most comparisons. This analysis indicates that
the effect of the static load Tor computer modeling of the Road Rater
results is negligible particularly when the vibrator is operated near
the maximum output. Therefore, the static load will be neglected in the

determination of the layer modulus values.
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Figure 12. Load versus time history for 5000- and T000-1b
(5- and T-kip) loads of the Model 2008 Road Rater (1 kip =
L.4L8 kN)

Table 3

Comparison of the Effects of Static Prelcad

on PTRF Items 1A, 1B, and 2 Using the CHEVIT Program

flections, mils, at

Lcad Cited Distances, in.
1b 0 9 12 18 2k 36 48 60
PTRF 1A
6500 6.086 5.232  L.0620  3.532  2.712 1.666 1.027 0.715
1500 1.567 1.3k9  1.194 0.911 0.692 0.408 0.239 0.161
Diff 5000 L.519 3.883 3.h26  2.621 2.020 1.258 0.788 0.554

(99

5000 h.797  h.12% L6l 2782 2,130 1.29L 0.790  0.54f

Percent
Dirference 6.2 6.2 6.3 6.1 5.k 2.9 0.3 -1.4 .
7500 6.925 5.954 5.257 4,022 3.095 1.913 1.187 0.829
500 0.543 0.468 0.415 0.317 0.240 0.1L0 0.080 0.053

n

Diff 7000 6.382 5.486 L.8u2  3.705 .855 1.773 1.107T 0.776

(Continued)

Note: 1 1bf = 4,LLB N; 1 in. = 2,54 cm.
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{ Table 3 (Concluded)

& Deflections, mils, at

Load Cited Distances, in.
1b 0 9 12 18 2k 36 L8 60
7000 6.507 5.594 L. 9ko 3.778 2.904 1.790 1.107 0.772
Percent
Difference 2.0 2.0 2.0 2.0 1.7 1.0 0.0 -0.5
PTRF 1B
6500 7.128 5.829 5,01k 3.598 2.641 1.589 0.970 0.69k
1500 1.840  1.511 1.299 0.922 0.660 0.372 0.217 0.153
Diff 5000 5.279 L.318 3.715 2.676 1.981 1.217 0.753 0.541
5000 5.614 4,588 3.944 2,820 2.057 1.221 0.739 0.528
Percent
é Difference 6.3 6.3 6.2 S.h 3.8 0.3 -1.9 -2.4
i
¢ 7500 8.120 6.644k  5.718 b.113 3.030 1.837 1.127 0.806
[ 500 0.646 0.529 0.455 0.323 0.229 0.126 0.072 0.050
' Diff 7000 T.474  6.115 5.263  3.790 2.801 1.711 1.055 0.756
7000 7.625 6.237 5.366 3.85 2.835 1.713 1.048 0.750
Percent
Difference 2.02 . 2.0 2.0 1.7 1.2 0.1 0.6 -0.8
PTRF 2
6500 6.07T1 5.116 L.ho2  3.L0S 2.613 1.618 1.001 0.696
’ 1500 1.b71  1.238 1.086 0.817 0.620 0.374 0.226 0.157
[ | Diff 5000  L4.600 3.878 3.L06 2.588 1.993 1.244k 0.775 0.539
i 5000 4,706 3.963 3.L77 2.630 2.013 1.240 0.764 0.532
Percent
Difference 2.3 2.2 2.1 1.6 1.0 -0.3 1.4 -1.3
7500 6.983 5.887 5.171  3.925 3,018 1.87h 1.161 0.807
500 0.502 0.423 0.371 0.279 0.211 0.126 0.075 0.052
Diff 7000 6.481 s5.L64  L.800 3.646 2.807 1.748 1.086 0.755
7000 6.527 5.501 L4.831 3.665 2.815 1.7hW6 1.080 0.751
Percent
Difference 0.7 0.7 0.6 0.52 0.3 -0.1 -0.6 -0.5

DETERMINATION OF LAYER MODULUS VALUES FROM BASIN DATA

[

DEVELOPMENT

The deflection basin produced by applying a load to the pavement

21




with the Model 2008 Road Rater gives four input parameters to the system
aralysic that can be used to derive the strength parameters of the pave-
ment layers. A program called CHEVDEF was developed to determine a set
of modulus values that provide the best it belween a measured deflection
bacin and a computed deflection basin when fiven an initial estimate of
the modulus values, s range of modulus valuen, and a set of measured de-
flections.
Consider the pavement system where:

The modulus is unknown for a number of layers (NL).

o (e

The deflection due Lo plate load is measured at a number of
deflection (ND) locations.

c. ND is greater than NL .

The objective is to determine the set of E's that will minimize
the error between the computed deflection A and the measured deflection
RRD . To accomplish the otjective, a relationship was developed for the

deflection at a point j as a function of the unknown E's , i.e.,

b = £(E, E2...ENL)

then the error at =z position where the deflection was measured is

E

32

RRDj - Aj = RRD, - (E

2

2>~ " TNL

This expression is then squared and summed with respect to each measured

deflection
nD , D 2
2. ERROR® = ¥ [RRD. - £,(E .. By )]
<1 F by i . ,

To minimize the error with respect to an unknown E , the partial deriva-
‘pive of the error function is takeun with respect to the E . By taking a
derivative with respect to each unknown E , then a set of NL equations
is obtained that can be sclved giving the set of E's for the minimum

error between the measured basin and the computed basin.

First, a set of E values is assumed and the deflection Ao is

(j

computed corresponding to the measured deflection RRD, . Each unknown

J

delbniiy h o sy v




E is varied individually and n new set of deflections is computed tor
cach variation. Using Lhe two computed delClections and the two values
of each E | a function is determined for cach deflection. Foar example,
let
EL = 1o E
€10

Then the deflection at location 1 is given as a function of E1 , 1.e.,

Al = A + SllEl1

1 11
where
o] 1
s - Ay -4
11 o) 1
Ezl - Ell
_ 40 o
Ay =8 - 5B
o R
Eﬁl = loglo of first assumed value of E1
1 _ e e
Ezl = loglo of El after the variation
A; = computed deflection at position 1 for Ei
Ai = computed deflection at position 1 for Ei

Likewise, functions are determined for each deflection and each unknown

E , resulting in j =1 to ND and i =1 to NL . Then

A, = A, + S,.E2,
J Ji Ji™i

To write an expression for Aj as a function of all E's , the fol-

lowing is used

Aj = Ai + (changes in Aj due to changes in the E's)
Consider when the modulus of layer changes from Ei to Ei , the change
1 e}
in AJ would be SJi(Ell - Ezl)

Thus

LA ki L us




o . »
The value of A, can be expressed in terms of any of the unknown RE's |

J
i.e., F‘Nl. s
0 O

= + 5
Ay = Ay, Y P

The expression for Aj now becomes

NL

= (o} _ o]
Aj AJNL + SJNLEZNL + iz=183i(mi Ell,i)

The error squared for the Jjth position is (RRDj - Aj)2

or

NL >
2 _ o] o
ERROR] = {RRDj - [AJ.NL + 8 By * g;lsji(mi - Eli)]}

The summation of the error for all readings is

ERROR', = RRD, - [A +S, EL- + S,.(Ee, - EL;)
e J %1 J JNL JNLTTNL 1 Ji i i
If a weight term Wj for each reading is to be applied, then the expres-
sion becomes
ND > ND ) 2
- = W - -
Jz=1[w3 (ERROR) ] JZ___I J{RRDJ [AJNL SniE o 2 s, Eli)]}

Taking the partial with respect to each E and setting the partial equal

to zero, the following is obtained:

NT,

ND
0= Jzils.ikw-i ;RRDJ - [AJNL S LB NL + z s, NCTINE )]

If the equations derived are put in the form

[B] {E} = {c}

the {C} terms are the constant part of the equation. For k = 1 to NL
ND
J:

NL
o] (o]
sjkw [RRDJ - (AJNL + 8y Eiy - i2_:151111311,i )}

and the [B] for k=1 to NL and i =1 to NI is

e ) st

ZSJkJJ

2k
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If the weight term is chosen to be W‘j = RRD_ ° the result is the same as
developing the equation from J
RRD, ~ &,
ERROR, = —d—d
J RRDJ

which is a percent type error. The solution of the equation is the set
of E's that minimizes the percent error. The efficiency of the proce-
dure will depend on how well the functions represent the actual relation-
ship between the computed deflection and the E's .

It appears that as long as the final E values are within the
initial input limits, the A4 = f(loglo E) is a good representation of
the relationship.

A computer program named CHEVDEF, consisting of the procedure
described above, was used in developing the pavement evaluation proce-
dure repcrted herein. CHEVDEF uses the CHEVRON layered elastic program
as a subroutine to compute surface deflections. A flowchart, input
format, example input, example output, and a listing of CHEVDEF are
presented in Appendix B.

The limitations of this approach are that the layered elastic
theory assumes a uniform pressure applied to the surface of the pavement.
With the Model 2008 Road Rater, the load is applied through a rigid cir-
cular plate with the center deflection measured on top of that plate.
Therefore, a difference does exist in the measured center deflection and
a deflection computed from layer elastic procedures at the center of the
load area, as illustrated by Fossberg12 in Figure 13. Note that the
elastic layer solution and field date coincide at approximately three-
fourths of the radius of the plate. In order to determine the optimum
spacing for the deflection measurements, computations such as shown in
Figures 14 and 15 were made with the CHEVDEF program for flexible and
rigid pavements, respectively. Spacing distances of 0, 4-5, 6, and 9
inches were used for the computations. Varying these distances caused
little change in the subgrade modulus for either the flexible or the
rigid pavement. There was variation in the surface modulus on the
flexible pavement. Based on the temperature-frequency relationship
presented in Figure 3, the modulus of the asphalt layer should be
520,000 psi. Thus, from Figure 15, a distance between 4.5 and 6 in.

appears to produce the best results.
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SENSITIVITY ANALYSIO

To evaluate the accuracy of the CHEVDEF, an analysis was made on
a thin and a thick pavement section. The CHEVRON program was used to
calculate deflections for the two pavement sections. These deflections
were used as measured deflecticns for this analysis so that an error
associated with field measurements would be eliminated. Tables 4 and 5
present the results. The modulus values listed as correct values in
these tables were input to the CHEVRON program to give the deflections
that were used as measured deflections in CHEVDEF. In the first case,
the initial estimate for modulus was higher than the correct values.

The initial estimate was lower than the correct values for the second
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case, In the Lhird case, the initianl cestimatce was alternated between
low and high values. The program reasonably reproduced all modulus
values for the thick section but varied from the correct values for the
thin upper layers for the thin section. The values for the the two
bottom layers were very close even for the thin section.

To determine the reproducibility for different spacings of deflec-
tions, the data for the thick section were selected. Table 6 lists the
results of this analysis. No significant difference occurred due to the
location of the deflection with respect to the final value of modulus
for up to four layers.

Another check was made on a typical section with a stiff (stabi-
lized) layer. Table 7 summarizes the results. Again the program pro-
duced a good approximation of the correct values for the four-layer sys-
tem.

To determine the sensitivity of the CHEVDEF program to the
Poisson's ratio of each layer, an analysis was made using the thick sec-
tion. The Poisson's ratio was varied between 0.2 and 0.5 for each
layer. Figure 16 shows the change in modulus values for these varia-
tions in the Poisson's ratio. There is little effect on the predicted
modulus values when the Poisson's ratios for layer 2 and layer 3 are
varied. The variations are large in layer 1 and layer 2 when the
Poisson's ratios of layer 1 and layer L are varied. In all cases,
there is little variation in the modulus of the lower layers.

A Poisson's ratio of 0.35 will be assigned to all layers above

the subgrade, and a ratio of 0.L will be assigned to the subgrade.
PREDICTION OF LAYER MODULUS VALUES

The CHEVDEF program was used to predict modulus values for the 15
PTRF test items. Table 8 presents the results. layer 1 includes all
the AC material, and the modulus value for this layer waus taken rom
the 16-Hz relationship in Figure 3. The pavementi temperature was come
puted from the surface temperature plus the previous five-day mean. 3
Basins predicted from the program were not plotted against the
measured basins, but the small differences can be seen in the column

entitled "Absolute Sum of Differences in Deflections." 1In each case,

this is the sum of the differences in four deflections.
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The stress produced in the subgrade by the Model 2008 Road Rater
may not be the stress associated with the design aircraft load. 7o ac-
count. for this, Lwo loads were analyzed (}QOO and TO00 Ib). ‘The medulus
v:alues and stresses (vcrtical, longitudinal, and radial) at the top of
t.he gubgrade were calculated for each Joad level. With these values, a
relationship between the modulus and the deviator stress can be developed
for stress-dependent subgrades. Table 8 also shows the slope of the
line and the intercept, as well as the bulk stress at the top of the
subbase layer. There appears to be no relationship to the laboratory
results for these values. The values of E for the granular layer are
values that satisfy the model deflection basin. The granular material
without a binder has very few load transfer properties through bending.
Therefore, the model predicted lower modulus values. Associated with
the low modulus value is a high vertical strain in that layer, which is

considered a problem in using the layered elastic theory to model

granular materials.
DETERMINATION OF SUBGRADE MODULUS FOR EVALUATION

Results from the CHEVDEF program give the relationship for the

deviator stress and the modulus for the subgrade materials in the form

E = SOD +1
where
E = subgrade modulus
5 = slope
oy = deviator stress
I = intercept

It is known from Hooke's Law and by definition for resilient modulus that
¢

E = -2

€

where € represents the strain. By substituting and rearranging

E =SEe + 1
or
1
E= 15
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If a limiting vertical compréséive strain is selected, the modulus of

the subgrade can be calculated. For comparisons used in this study.

& value of 0.0006 in./in. was selected. This value was taken from an
average line drawn on Figure 17 and represents 500,000 repetitions or
25,000 arrival/departures per year for 20 years. The equation for the

average line is given as

€, = ANB
where
e, = limiting vertical compressive strain in subgrade, in./in.
A = 0.0063548
N = number of strain repetitions
B = -0.17985

The modulus values in Table 9 associated with that strain level will be

used for the evaluation of these pavements.
COMPARISON OF SUBGRADE MODULUS VALUES

The design modulus can also be computed from laboratory
resilient modulus test results as outlined in Appendix A. The best-
fit line for deviator stresses between 5 and 12 psi was calculated and
then presented in Table 9. A comparison of the mean subgrade modulus
values from the CHEVDEF program analysis (14,201 psi) to the laboratory
results (12,864 psi) seems very reasonable.

Another comparison was made to the subgrade strength parameters
derived from the DSM method reported by Green and Hall.2 The PTRF fa-
cility was tested with the WES 16-kip vibrator at the same time that
testing was conducted with the Model 2008 Road Rater. Table 10 sum-
marizes results of the DSM evaluation. The subgrade strength factor is
the equivalent of the design CBR for the subgrade. The factor is calcu-
lated as the CBR required to support a single-wheel load with a 25k-sq-
in. contact area for 1200 annual departures. The load on the wheel is
determined by a correlation with the measured DSM. The relationship of
1500 times CBR was used to compare the design modulus values for the DSM
method and for the layered elastic procedure (Figure 18). Except for
two items (PTRF items 4 and B) that had very low deflections and high
DSM's due to stabilized layers, subgrade strength design parameters

"approximate each other.
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Table 9

Deviator Stress - Resilient Modulus

Relationships from Laboratory Tests 4

Sample Type Slope Intercept Design E* )
No. Sample S 1 psi i
I-1 Remolded ~1279 186,428 10,424
I-2 Remolded -1052 15,632 9,585
I11-1 Undisturbed -1181 20,811 12,182
I1-2 Undisturbed - 932 22,581 14,484
III-1 Remolded -33k2 45,998 15,305
III-2 Remolded -10k9 15,089 9,261
I1I-3 Undisturbed -1773 38,808 18,80k
Mean = 12,86k
Standard Deviation = 3,512
. , 2
Note: 1 psi = TO3 kg/m .
* Based on strain level of 0.0006 in./in.
Table 10
DSM Evaluation of the PTRF
Temperature Allo;able Gross
Corrected Subgrade Aircraft Load, kips
PTRF DSM Strength 25l sg-in. 127 sq-in.
Ttem* kips/in. Factor Single Wheel**  Single Wheelt
1A 1210 6.95 11.3 86.8
1B 1008 .29 92.7 79.9
2 1331 18.97 122.4 103.8
3 813 11.79 Th.T 58.3
L 2286 26.4 210.3 181.9
5 863 9.58 79.h 61.6
6 1542 15.9 1k1.9 116.8
7 1254 15.2 115.4 9€.9
8 657 9.05 60.4 Ls.5
A 605 1.1 55.7 Lo.2
B 163L 25.6 150.3 131.9
c 661 8.85 60.8 45.5
E 708 6.49 65.1 48.2
F 859 9.5 79.0 61.3
G 689 9.15 63.3 L7.5
Note: 1 kip = 4.448 kN; 1 kip/in. = 1.75 kN/cm; 1 sq in. = 6.45
sq cm.
¥ See Table 2 for a descrintion of these pavements.

: ## 1,200 annual departurcc, 20-year life.
t 25,000 annual departur2s, 20-year life.
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LAYERED ELASTIC METHOD

Figure 18. Comparison of subgrade modulus
by the DSM and layer elastic method (1 ksi =
6.89 MPa)

EVALUATION OF ALLOWABLE AIRCRAFT LOADS

For the evaluation of the allowable aircraft loads, the PAVEVAL
computer program reported by WQiSS3 was used. For flexible pavements,
this program calculates the vertical compressive strain at the top of

the subgrade and the tensile strain at the bottom of the AC layer.

These strains are compared to the limiting strain criteria reported by

Barker and Brabston.lh For rigid pavements, the limiting tensile stress

in terms of the number of load (stress) repetitions from Parker et al.l5

is considered as

_ R
RL ~ A + B log (cov)

0]

where

ORL = limiting value of tensile stress, psi

flexural strength, psi
0.58901

>
]




o]
1]

cov

0.35486

number of coverages (The number of coverages is determined

by dividing the number of aircraft departures by the
departure-to-coverage ratio., The ratio used for single-
wheel gears was 7.94 and for dual-wheel gears was 5.2.)

Example inputs and outputs for evaluation of light aireraft allowable

loads on rigid and flexible pavements are given in Appendix C. A com-

parison of the allowable gross loads for the PTRF items was made be-

tween the DSM method and the layered elastic procedure (Figure 19).

For comparison purposes, the design loads were calculated for a single-

wheel aircraft with 127-cq-in. contact area and 25,000 annual departures.

DSM METHOD

200 T
ALLOWABLE GROSS LOAD, KIPS
'
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Figure 19. Comparison of allowable gross

aircraft loads from the DSM and lJayered
elastic methods (1 kip = 4,448 kN)




For the laycred elastlic evaluation, the modulus of the AC was ac-

lected as 770,000 psi, which corresponds to the TOOF temperature in
Figure 3. The modulus of the subbase and base course layers (E2 in
three-layer items, and E2 and E3 in four-layer items) were taken from
the T000-1b load in Table 8.

The allowable loads calculated from the DSM method are generally
higher than those calculated using PAVEVAL. The controlling strain is
shown in Table 11 for each of the PTRF items. The lower allowable loads
for the layered elastic evaluations are probably due to the tensile
strain controlling and being based on the initiation of a crack in the
bottom of the AC rather than the crack propagating through the AC to the

surface as was the case in the DSM evaluation (CBR Design System).

Table 11
Allowable Gross Aircraft Loads

from PAVEVAL

Allowable Gross Controlling Strain
PTRF Aircraft Load Vertical Tensile
Item kips Subgrade AC

—
>

s5h.T

Ly.2

52.6

37.9

92.6 X
82.1 X
7.9

75.8

L, 2

61.1 X
120.0 X
23.2

27.4

31.6

31.6

=
Ee g i

QM EBQWPEP O-IOW &w
E

>4 >4 > =

Note: 1 kip = L.LL8 kN.

A limited amount of testing was conducted on rigid pavements to
verify the applicability of this procedure. Tests with the Model 2008

Road Rater were conducted on a portland cement concrete (PCC) road with

L1




the pavement structure as shown in Figure 20. Laboratory resilient modu-
lus tests were not conducted on the subbase hut were conducted on the
subgrade material (Figure 21).

Table 12 presents the CHEVDEF program results for this rigid pave-
ment.  The subprade modulus selected for evaluation for rigid pavements
it the modulus that is associated with a S-psi deviator stress15 and is
calculated directly from the slope and intercept derived from the devia-
tor stress-modulus relationship for the 5000~ and T000U-1b loads.

Also shown in Table 12 is the modulus for S5-psi deviator stress
from the laboratory resilient modulus test. CBR tests were taken to
depths of 30 in. The sample taken from the 30- to U5-in. depth indicated
a higher strength material (Figure 20). Therefore, the predicted sub-

grade modulus seems to be a reasonable estimate of the subgrade strength.




(

w/3% £0L = 1sd 1) Te1aZ

-31BW apeadqns pnwsm>mm J0d ¥yl uo sisang

SRINPOT 3USTITISSL JO $3TNsSay  *[zg 94nI14g
ISd P ‘SS3MIS ¥CIVIAID
s2 22 st a1 S 2
| 1 1 1i 1 SQQV
ISd S°21 < P
ISd BSSS = W - 008S
e y
/// - 2889
°© I-B88L
ISd S°21 > P
LSBB + P Q'932- = Baaas
- 0906

‘SNINAOW INIITIS

ISd ~W

"S3HINI S¥ 0L BE Hid30 WON4 N3XMVL SVA
ONILS3L SNTNAOW LN3ITIS3Y ¥0d IldWYS *JLON

‘I1Sd 86L =
HL1INNLS
IvanNxaid

(Ju/3% €oL = 1sd Y
‘o G-z = -ut 1) Iuswsa®d )pg uo synsadg
18931 pUB 3aN3ONIYS FUSWOARG

82 —

€€ —l3gvy
AV

‘02 9mBTyY

NV3T
SZ —
61 —
3svaans
9L —
¥82 324

— BE

— B2

— @1




.ms\wx €0L = 1sd T ‘N pyn°q = JA1 1 :930K

026t L L09¢2t 20E°¢eT 6ET~ TeLl*€ @6LS"T 220T°0 8L9"T 6229°9 2RO°ET LgL°gL 000°000°% 00OL
G992  9E2T"T E€NTLO°0 G6T°T LBRI-TT GRIET €iQ°I8 000°000°% 00GS =

nww-uMMq WOXZ q<>mwﬂw ang h®MCH wmwam Axﬁwpv Qo zo nd Bo >c «uwm ? mm Nm Hm vwwl

z vahmnﬂm 7 4 opeidgng I« mom - mm assQQNg Spessang s Say msﬂwwwzdwwwwwwmhm »

JUSWIAB] JJd 40J SNINPON Pa3otipadd
2T 3T19%8%




NONDESTRUCTIVE EVALUATION PROCEDURE

GENERAL

The procedure outlined in this section is tor both rigid and flex-
ible pavements and is based on a layered elastic model that characterized
multilayered pavement systems. The layer strength parameters are com-
puted from field in situ measurements. The strength parameters will be
input into an evaluation program that is designed to handle multiwheel
aircraft at varying traffic levels. The output will be computed as the
allowable load for a 20-year design life pavement. The evaluation will
be valid for conditions existing at the time of test and will not account
for changes due to such factors as frost action or moisture in the sub-
grade. These factors should be accounted for through conventional proce-

dures.
NONDESTRUCTIVE TESTING EQUIPMENT

The need for a device with variable loading characteristics is
required to describe the nonlinear characteristics of the subgrade mate-~
rial. Laboratory resilient modulus tests would be required to describe
these nonlinear characteristics when the description cannot be derived
from the NDT data.

The NDT device must output & minimum of three deflections of which
one is measured near the applied load and the others are spaced to a dis-
tance of at least 36 in. from the applied load. The number of deflec~-
tion measurements limits the number of variable modulus layers that can
be analyzed with this procedure. It is recommended that the magnitude
of the first deflection (that deflection measured nearest to the applied
load) be at least 0.2 mil.

DATA COLLECTION
PAVEMENT INFORMATION

Before evaluating a light aircraft pavement, information as to
pavement types, layer thicknesses, and layer types must be derived from
construction records or from destructive tests (cores or test pits).

This information is required for the evaluation of allowable load as well

as for the determination of NDT locations. If test pits or cores are

Ls

b S




required, these Lests should be performed atter the NDT. o Arens of hipgh
grd low deflections should be included with areas selected through a
cunventional sampling procedure to identify the causes of these unique
DT responses. Rigid pavement cores or beams should be tested for

flexural strength.

The pavement condition chould be surveyed to determine the areas
and types of distress. Tt is not within the scope of this procedure to
cutline a detailed condition a+vulysis. OSince material properties are
affected by water, frost, and primarily environmental conditions, it may
be necessary to reduce the strength parameter for anticipated freeze/thaw
conditions, alligator cracking in flexlble pavements, and the presence

of Joints and cracks in rigid pavements.
TEMPERATURE DATA

Temperature data are required for AC pavements to evaluate the
ravement properties at the time of testing and the ability of the pave-
ment system to support future operations. The pavement temperature
during the time of testing is determined at the mid-depth of the AC 1
layer, the pavement surface, ambient temperature, and the previous five-

3

day mean air temperature from Figure 22.1 The pavement surface tempera-
ture should be measured at one-hour intervals during the period of
testing. The mean air temperature can be obtained from the nearest
office of the National Oceanographic and Atmospheric Administration.

To evaluate the pavement system for future operations, the average
daily maximur temperature and average daily mean temperature is needed
for the hottest months and the spring thaw months. These data can also
be obtained from the nearest office of the National Oceanographic and

Atmospheric Administration.
NDT TEST DATA :

NDT should be conducted at 100-ft intervals alternating to either
side of the center line in the wheelpaths on flexible pavements. Rigid
pavement tests should be conducted in the slab center also alternating
to either side of the feature center line. A minimum of five tests

should be conducted in each pavement type. Parking aprons should be
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tested on a 200-ft grid system. Testing should not be conducted when
the pavement or subgrade is frozen.
The NDT device should be operated at the frequency thal produces

the best signal response. For the Model 2008 Road Rater, this frequency

is 19 Hz. Deflection basin datn should be collected at the maximum f{orce
output of the device and at a force level of 50 to 75 percent of the maxi-
mum force output.

DETERMINATION OF LAYER MODULUS VALUES '

The CHEVDEF program provides a tool with which the modulus values

»f up to four layers can be predicted. The CHEVDEF program input guide,
typical input, and program listing are furnished in Appendix B. Sensi-
tivity studies presented earlier in this report showed that the moduli
of the subgrade and other lower layers in the pavement system reproduce
well even when the surface moduli may differ. Also since the model
assumes a uniform pressure and the Model 2008 Road Rater applies a rigid
plate to the pavement, it is recommended that the modulus values of the
surface layer be assigned as described below.

For flexible pavements, the modulus of the AC should be determined
from Figure 3. The pavement temperature can be computed from the surface
temperature plus the previous five-day mean air temperature (Figure 22).
The depth should be the midpoint of the AC thickness.

Table 13 gives approximate ranges for the modulus of the pavement
materials. These ranges represent very broad limits that should be
compressed for the CHEVDEF program. For example, if a pavement with a
cement-stabilized base is evaluated and the traffic history indicates
very little heavy traffic has been applied, a range for the stabilized
base should be selected between 600,000 and 1,500,000 psi.

NDT results should be analyzed by plotting the number one sensor
deflection versus the distance along the feature. Pavement areas should
be divided according to pavement types and pavement deflections. For
each area, each deflection of the basin should be averaged to determine

the mean deflection basin.

0y D, _
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deflection from number one sensor

number of tests in particular items

ol

deflection to be used for evaluation

The mean deflection values for each pavement area should be input to

CHEVDEF in mils.

Table 13
Typical Ranges for Modulus Estimates

and Poisson's Ratio Values for Pavement Layers

Range of Modulus Assigned Value

Material 103gpsi of Poisson's Ratio
*AC 100 - 1000 0.35
PCC L4000 - 6000 0.15
Untreated base 2 - 160 0.35
Treated base 8 - 2000 0.35
Subgrade 2 - 37 0.k

Note: 1 psi = 703 kg/m2.

* Temperature- and frequency-dependent.

In analyzing the results from the CHEVDEF program, it is impor-
tant to check the predicted modulus for a layer against the limit. If
the modulus does hit a limit, the program should be rerun modifying the
limits to include the predicted E disregarding boundary conditions
(see Appendix B, Example Output).

The highest load should be evaluated first with the CHEVDEF. The
values for the modulus for the upper layers obtained from this run may
be used for constant values when running the lower load to determine the
relationship of stress versus modulus for the subgrade. For example, if
the pavement contains three layers, consisting of AC, granuler base, and
subgrade, the modulus for the AC and granular layer as determined from
the initial run of the high load should be held constant at the values
for the run at the lower load.

Once the modulus values and deviator stress are obtained, the

following equations are used to describe the nonlinearity of the subgrade:

L9

T




S = OEl : fe
DT D5
and
I=K - SOD"{
where
S = s5lope
El = predicted modulus for high load (7000 1b for 2008 Road Rater)
E, = predicted modulus for low load (5000 1b for 2008 Road Rater)
ODY = deviator stress (vertical - radial stress) for 7000-1b load
Ops = deviator stress (vertical - radial stress) for 5000-1b load
I = intercept

After determining the S and I for the equation above, calcu-
late the limiting strain for AC pavement from Figure 17T based on the
design life of the pavement, and compute the design subgrade modulus
from the equation given below:

I

E = 1 - Se

where
E

€

design subgrade modulus, psi

limiting strain

For rigid pavements, the design subgrade modulus will be selected
at a deviator stress of 5 psi, or
E=58+1

DETERMINATION OF ALLOWABLE AIRCRAFT LOADS

The PAVEVAL program presented by Weiss3

will be used to predict
allowable aircraft loads. Example inputs for both rigid and flexible
pavements are shown in Appendix C. Aircraft characteristicsl6 for light

aircraft pavements are:

Gross Contact
Max/Load Departure to Area Wheel
Type kips Coverage Ratio sq in. Spacing, in.
Single 20 7.94 127 -
Dual 30 5.2 75 18

Note: 1 kip = 4.LLUB kN; 1 sq in. = 6.45 sq em; 1 in. =
2.54 cm.

50




The modulus for the AC surface layer should be determined based on a design

pavement temperature for input to Figure 3. The method of selecting the

PR

design pavement temperature for this evaluation is taken from Brabston
et al.l7 Witczakl8 presents a relationship between pavement temperature
and air temperature (Figure 23) that can be used to determine the design
pavement temperature if the corresponding design air temperature is
known. For this design procedure, the design air temperature for a par-

ticular locale is determined by averaging the average daily maximum
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Figure 23, Relationship betwgen design pavement temperature
snd design air temperature (1°F = =17 C)
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temperature and the average daily mean temperature for the design month.
Generally, the set of average temperatures will be necessary only ‘or
the hottest month indicated in the reporting period.

Thid method of calculating & design modulus for the AC layer is

L
conservative. Other procedures have been reported by Barker and Brabston1

and Koole.6 Modulus values of those layers of base and subbase should
be selected from the CHEVDEF output for the high-load (7000-1b) data.
These values approximate the stress of the light aircraft and should be
representative for the behavior when an elastic model is used.

The PAVEVAL program has the capability of calculating AC and PCC
overlays. These procedures are available in the Weiss3 report but were
not evaluated for use in light aircraft pavement design as a part of
this study. The computer program listed in Appendix B may be repro-

duced for use by any interested party.
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CONCLUSIONS AND RECOMMENDATIONS

This study has resulted in the development of an evaluation pro-
cedure for light aircraft pavements based on a layered elastic model.
Nondestructive pavement test results are used to predict the layer
strength parameters that can be input into a layered elastic model to 1
predict the allowable load-carrying capacities of both rigid and flex-
ible pavements containing either stabilized or nonstabilized layers.

The deflection basins measured from the NDT device at two force

levels are used for input to a system that predicts the nonlinear
stress-dependent behavior of the subgrade material. Results compare
favorably with laboratory resilient modulus tests.

It is recommended that this procedure be adopted for use in eval-
uating light aircraft pavements. Further study should be conducted to
make this approach applicable to air carrier airport pavements. The use
of a finite element code for the modeling of a rigid plate and the non-
linear behavior of the granular materials should be included in future

studies.
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APPENDIX A: CABORATONY PROCEDURE FOR DETERMINING
THE RESILIENT MODULUS OF DUBGRADE SOTLG®

The objective of this test procedure is to determine a modulus
value for subgrade soils by means of resilient triaxial techniques. The
test is similar to a standard triaxial compression test, the primary ex-
ception being that the deviator stress is applied repetitively and at
several stress levels. This procedure allows testing of soil specimens
in a repetitive stress state similar to that encountered by a soil in a

pavement under a moving wheel load.
DEFINITIONS

The following symbols and terms are used in the description of

this procedure:

&. o0, = total axial stress.
b. 03 = total radial stress; i.e., confining pressure in the
triaxial test chamber.
c 6, = 0, - 0, = deviator stress; i.e., the repeated axial
- d 1 3 . .
stress in this procedure.
d. €, = total axial strain due to o, .
e Mp = od/sRl = resilient modulus.
£f. 6 = ol + 203 = od + 303 = sum of the principal stresses in the
triaxial state of stress.
g 01/03 = principal stress ratio.
h. Load duration = time interval over which the specimen is

subjected to a deviator stress.
i. Cycle duration = time interval between successive applications
of a deviator stress.

SPECIMENS

Various diameter soil specimens may be used in this test, but the
recommended specimen diameter is 2.5 to 3.0 in. or approximately four
times maximum aggregate size. The specimen height should be at least
twice the diameter. Undisturbed or laboratory molded specimens can be

used. Procedures for obtaining undisturbed soil specimens are given in

14

* This procedure is taken from the report by Barker and Brabston.




Engineer Manual 1110-2-1907, "Uoil 3umplina."19 Methods for laboratory
preparation of molded specimens and for back-pressure saturation of
specimens, if required, are presented in EM 1110-2-1906, "Laboratory

Soils Testing."20

EQUIPMENT
TRIAXIAL TEST CELL

A triaxial cell suitable for use in resilience testing of soils
is sh- 4n in Figure A-1. This equipment is similar to most standard cells,
with the exceptions of being somewhat larger to facilitate the internally
mounted load and deformation measuring equipment and having additional
outlets for the electrical leads from the measuring devices. For the
type of equipment shown, air or nitrogen is used as the cell fluid.

The external loading source may be any device capable of pro-
viding & variable load of fixed cycle and load duration, ranging from
simple cam-and-switch control of static weights or air pistons to a
closed-loop electrohydraulic system. A load duration of 0.2 sec and a
cycle duration of 3 sec have been found to be satisfactory for most ap~

plications. A square-wave load form is recommended.
DEFORMATION MEASURING EQUIPMENT

The deformation measuring equipment consists of linear variable
differential transducers (LVDT's) attached to the soil specimen by a
pair of clamps. Two LVDT's are used for the measurement of axial deforma-
tion. The clamps and LVDT's are shown in position on a soil specimen in
Figure A-1. Details of the clamps are shown in Figure A-2. Load is meas-
ured by placing a load cell between the specimen cap and the loading
piston as shown in Figure A-1l.

Use of the type of measuring equipment described above offers
several advantages:

a. It is not necessary to reference deformations to the equipment,
which deforms during loading.

b. The effect of end-cap restraint on soil response is virtually
eliminated.
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¢c. Any effects of pigston friction nre oliminated by measuring
loads inside the triaxial cell.

In addition to the measuring devices, it is also necessary to
maintain suitable recording equipment. It is desirable to have simul-
} taneous recording of load and deformation. The number of recording

channels can be reduced by wiring the leads from the LVDT's so that only

the average signal from each pair is recorded. The introduction of
switching and balancing units permits use of a single-chamber recorder.

However, this will not permit simultaneous recording.
ADDITIONAL EQUIPMENT

In addition to the equipment described above, the following items
are also used:

a. A 10- to 30-ton-capacity lcading machine.

b. Calipers, a micrometer gage, and a steel rule (calibrated to
0.01 in.).

¢. Rubber membranes, 0.01 to 0.025 in. thick.

d. Rubber o-rings.

&. A vacuum source with & bubble chamber and regulator. ‘
f. A back—préssure chamber with pressure transducers.

&. A membrane stretcher.

h. Porous stones.

PREPARATION OF SPECIMENS AND PLACEMENT IN TRIAXIAL CELL

The following procedure should be followed in preparing and
placing specimens:

a. In accordance with procedures specified in EM 1110-2—1906,20

prepare the specimen and place it on the base-plate complete
with porous stones, cap, and base and equipped with a rubber
membrane secured with O-rings. Check for leakage. If back-
pressure saturation is anticipated for cohesive soils, pro-
cedures indicated in Appendix X to EM 1110-2-1906 for the
Q-type triaxial tests should be followed. For purely non-
cohesive soils, it will be necessary to maintain the vacuum
during placement of the LVDT's. The specimen is now ready
to receive the LVDT's.

b. Extend the lower LVDT clamp and slide it carefully down over
the specimen to approximately the lower quarter point of the
specimen.

c. Repeat this step for the upper clamp, placing it at the upper

quarter point. Insure that both clamps lie in horizontal
planes.

A-5




d. Connect the LVDT's to the recording unit, and balance the re-
cording bridges. This step will require recorder adlusiments
and ad)ustment of the LVDT stems. When a recording bridge

balance has been obtained, determine (to the nearest 0,01 in.)
the vertical spacing between the VD' clamps and record this
value,

e. Place the triaxial chamber in position. Set the load cell in
place on the specimen.

f. Place the cover plate on the chamber. Insert the loading
piston, and obtain a firm connection with the load cell.

g. Tighten the tie rods firmly.

h. ©Slide the assembled apparatus into position under the axial
loading device. Bring the loading device to a position in
which it nearly contacts the loading piston.

If the specimen is to be back-pressure saturated, proceed in
accordance with EM 1110-2-1906.

e

J. After saturation has been completed, rebalance the recorder
bridge to the load cell and LVDT's.

RESILIENCE TESTING OF COHESIVE SOILS

The resilient properties of cohesive soils are only slightly af-
fected by the magnitude of the confining pressure 03 . For most appli-
cations, this effect can be disregarded. When back-pressure saturation
is not used, the confining pressure used should approximate the expected
in situ horizontal stresses, which will generally be on the order of 1

to 5 psi. A chamber pressure of 2 psi is a reasonable value for most

testing. If back-pressure saturation is used, the chamber pressure will i
depend on the required saturation pressure.

Resilient properties are highly dependent on the magnitude of the

deviator stress 04 * It is therefore necessary to conduct the tests for

a range in deviator stress values. The following procedure should be
followed:

a. If back-pressure saturation is not used, connect the chamber
pressure supply line and apply the confining pressure (equal
to the chamber pressure). If back-pressure saturation is
used, the chamber pressure will already have been established.

b. Rebalance the recording bridges for the LVDT's, and balance
the load cell recording bridge.

c. Begin the test by applying 1000 repetitions of a deviator
stress of not more than one-half the unconfined compressive
strength.
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Decrease the deviator load to the lowest value to be used.
Apply 200 repetitions of load, recording the recovered verti-
cal deformation at or near the last repetition.

Increase the deviator locad, recording deformations as in
Step d. Repeat over the range of deviator stresses to be
used. It is recommended that 3, 5, T, 12, 15, 17, 20, 22,
and 25 1.-i be used.

At the completion of the loading, reduce the chamber pressure
to zero. Remove the chamber LVDT's and load cell. Use the
entire specimen for the purpose of determining the moisture
content.

The results of the resilience tests can be presented graphically

as shown in Figure A-3 for the resilient modulus and in the form of a

summary table such as Table A-l.

RESILIENT MODULUS M, PSI

RANGE

/AVERAGE

\\\N_l_

DEVIATOR STRESS 0y, PSI

Figure A-3. Presentation of results of rssilience
tests on cohesive soils (1 psi = 703 kg/m")
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RESILIENCE TESTING OF COHESIONLESS SOILS

The resilient modulus of cohesionless soils MR is dependent

upon the magnitude of the confining pressure o and is nearly indepen-

3

dent of the magnitude of the repcated axial stress. Therefore, it is

necessary to test cohesionless materials over a range of confining and

axial stresses. (The confining pressure is equal to the chamber pressure

less the back pressure for saturated specimens.) The following proce-

dures should be used fu. this type of test:

a.

L4

Ie}

|

1=

Use confining p:ressures of 5, 10, 15, and 20 psi. At each
confining pressure, test at five values of the principal
stress difference corresponding to multiples (1, 2, 3, 5) of
cell pressure.

Before beginning to record deformations, apply a series of
conditioning stresses to the material to eliminate initial
loading effects. The greatest amount of volume change occurs
during the application of the conditioning stresses. Simula-
tion of field conditions suggests that drainage of saturated
specimens should be permitted during the application of these
loads but that the test loading (beginning in Step I below)
should be conducted in an undrained state.

Set the axial load generator to apply a deviator stress of
10 psi (i.e., a stress ratio equal to 3). Activate the load
generator and apply 200 repetitions of this load. Stop the
loading.

Set the axial load generator to apply a deviator stress of
20 psi (i.e., a stress ratio equal to 3). Activate the load
generator and apply 200 repetitions of this load. Stop the
loading.

Repeat as in Step d above maintaining a stress ratio equal to
6 and using the following order and magnitude of confining
pressures: 10, 20, 10, 5, 3, and 1 psi.

Begin the record test using a confining pressure of 1 psi and
an equal value of deviator stress. Record the resilient
deformation after 200 repetitions. Increase the deviator
stress to twice the confining pressure and record the resilient
deformation after 200 repetitions. Repeat until a deviator
stress of 5 times the confining pressure is reached (stress
ratio of 6).

Repeat as in Step f above for each value of confining
pressure.

When the test is completed, decrease the back pressure to zero,
reduce the chamber pressure to zero, and dismantle the cell.
Remove the LVDT clamps, etc. Remove the soil specimen, and
use the entire amount of soil to determine the moisture content.

A-9
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Test results should be presented in the form of a plot of log Mq
versus log of the sum of the principal stresses as shown in Figure A=l
Calculations can be performed using the tabular arrangement shown in

Table A-2.

PSI

LOG RESILIENT MODUL US Mo,

LOG SUM OF PRINCIPAL STRESSES O, PSI

Figure A-4. Presentation of results of resilience
tests on cohesionless soils (1 psi = 703 kg/mz)
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APPENDIX B: CHEVDEF PROGRAM

[NTRODUCTION

‘he CHEVDEF program takes measured deflections from a deflection
basin with initial estimates and ranges of layer modulus and computes
the modulus values that best describe the input deflection basin, A
linearly layered elastic computer program originally developed by
Chevron 0il Company is used as a subroutine to calculate the stress,
strains, and deflections.

The information provided herein is as follows:

a. Flowchart.

b. Input guide.

¢. Example input.

d. Example output.

€. Program listing.
FLOWCHART

A flowchart describing the logic of the program is presented on

the following page.
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INPUTe TITLE, DEFLECTIONS, & LIMITS
COMPUTE WEIGHTING FACTOR

COMPUTE SUM OF ERROR FROM
X DIFF OF DEFLECTIONS

ves 1s

E-ALT = ENMIN

E-ALT = EMAX

ERROR < TOL

NO

INPUTe INITIAL E’S AS
BASELINE €°S

¥

COMPUTE BASEL INE
DEFLFTTIONS

18
THIS FIRST
ITERATION

COMPUTE FOR EACH
LAYER AN E-ALT
J

CONSTRUCT B AND C
NATRICES DIRECTLY

J CALL CHEVRON

FOR EACH LAYER

[ cowpure s a4 mmucs?'

N0
BASED ON LEAST SOQUARE SUMNATION
AND WEIGHTING FACTOR CONSTRUCT
B & C MATRICES

COMPUTE DEFLECTION
FOR CHANGED E-ALT

RECONSTRUCT B AND C |
MATRICES TO SET E°S
EQUAL LIMITS

ARE
COMPUTED E*S WITH-
IN LINITS

SET COMPUTED E’S AS
NEW DASELINE E‘S

[ conpuTE UM OF PERCENT ERROR |

SOLVE SET OF S1MULTANEOUS
| EQUATIONS FOR COMPUTED E‘S

(B (€} » (©)

COMPUTE NEW BASELINE
) DEFLECTIONS

s
ves T
")
S PROGRAN
PRINT FINAL | ves
REACHED MAXIMUN NUMBER
MODRLUS VALUES 1TERATI
| NO
CALCULATE AND
CALL CHEVRON PRINT STRESS
stoe
B=2
-~ Nﬁ_ - ) © A0 - -




INPUT GUIDE

PROGRAM CHEVDEF

(Matching of Pavement Deflections .

Using CHEVRON Layered Elastic :
Computer Program)

Line 1

LINENU NPROB

NPROB = Number of data sets

Line 2

Title T2 characters

Note: Line 2 through Line 13 ere repeated for each data set.

Line 3

LINENU ND RRD(1) _— - RRD(ND)

ND = Number of deflection reasings (maximum of k)
RRD(i) i = 1, ND = Measured deflections in mils

Line 4

LINENU NL TOL MAXIT

NL = Number of variable layers for which the modulus is to be
determined (not to exceed the number of deflections)

TOL = Tolerance in percent for stopping programs (usually = 10)
MAXIT = Maximum number of iterations (usually = 3)

Line 5-1 through 5-NL (one line for each unknown modulus)

LINENU TLV(i) } EMIN(i) | m=MAX{i)

ILv(i) = System layer number for unknown modulus value i

EMIN(i)

Minimum allowable modulus for unknown modulus i

EMAX(1) Maximum allowable modulus for unknown modulus

Line 6

Title at start of CHEVRON data T2 characters

B-3




Line T

LINENU WGT PSI NOUTP NPUN
WGT = Total load applied to pavement ]
FSI = Contact pressure of load

NOUTP = Control output : set = 0
- NPUN = Control output : set = 1

Line 8 (continue tc additional lines as necessary for all E's and V's)

LINENU s E(i) V(i) - - E(NS) V(Ns) | # :
NS = Total number of layers in system i
E(i) = Starting modulus for layers i = 1, NS %
V(i) = Poisson’s ratic fcr layers i = 1, NS i
Line 9
LINENU HH(1) | HH(2) _— - HH(NS-1) | %

HH(i) = Thickness of layer i = 1, NS-1

Line 10

LINENU iR | RR(1) RR(?2) -~ RR(iR) | #

iR = Number of radisl cffsets (set = ND)
BRR(i) i = 1, iR = Distance to deflection readings

Line 11

LINENU i% 77(1)

iZ = Number of depth set = 1

%2(1) = Depth of deflection set = 0

Note: After determination of final modulus subgrade, CHEVRON is
called for computztion of stress, strains, and deflection
at selected points. These soils should be the center of
granular layers and the top of the subgrade material.




Line 12

LINENU iR RR(1) RR(2) - RR(iR)

]

iR = MNumber of offsets (f iR = 0 returns for new data set)
RR(i) i = 1, iR = Distance to selected points

Line 13

LINENU iz z7(1) 22(2) - RR(iZ) | 4

iZ = Number of depth
2z2{i) i = 1, iZ = Depth to selected points

Note: Run is now terminated or returned for new data.
For devices with two loaded areas, use total force
on one area and compute radial distances for Line 10.

EXAMPLE INPUT
An example input for the PTRF 1A item is listed below. Control

cards preceeding input are for the Honeywell G635 Computer in the re-
mote batch mode (CARDIN).

a1 onsMce)

N20E IDENTSROSFROU-CURTIE
0z0k'OPTIONSFORTRAN

NI0FVZEY .GTLIT

ODSOEFORTY ! XREF -

05 0% SELECTRALROEFZ00-CHEVIDEF

a7 0¥ EXECUTE

GEORLIMITE? 40 20Ky s 2K

030 010 1

100 OSOPTRF 1A RR20D2 DEFL. (7000 LE>
110 030 4:5.903:4,. 43323, 067+ 1. 933

120 040 3103

120 050 120000700000

140 0AD 2,20000, 100000

150 070 21000020000

160 020 CHEWRDM

170 090 70007, 502001 o
180 100 4;5000D0;0.35;5000&;0.35920000,0.4,1600000yu.4
190 110 7.5:s20.5:218

200 120 4+4.5: 183242326

210 130 1,0

zan 140 1,0

220 150 27.5 2%

24 0EEND.IOE
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ZXATFLE QUTPUT

An example output for the PTRF 1A item is provided on the fol-

lowing pages. The number of problems to be solved is 1 .

ie0 FTRF 1R FREN0OS DEFL. <7000 LE,

HUMEEP OF YRPIAELE LAYERS AND TARGET DEFLECTION: = 3

DEFLECTION PEADINGE IN MILZE

0Z1ITION MO: 1 2 3 4
DEFLECTIONS: TR0 4,433 3.087 1.923
WEIGHTING FACTOR: 0, 183 . 2ce 0,326 0.517
YRR IRELE EYSTEM YALUE OF VALUE DF
LAYER MO LAYER ND MAXMIIM MODLILUS MINIMUM MODUL us
1 1 caon0NGe. 0 20000, 0
& e 100000, 0 20000, 0
Z 3 20000, 0 10000.0
ssoeeizN ITART DATA FOF CHEVROMN
THE PRORLEM PRRAMETERS ARE
TOTAL LDMD.. Yoo, 00 LBES
TIRE PRESZURE.. 2r.51 PRI
LORD FADILE,. .00 IN.
LRYVER NO. MODLULLIS POIZEZONS RATID THICKNESS
1 SO00Q0, 0,350 v.50
2 S0000, 0.3250 20.50
] So0a0, 0,400 12,00
4 1000000, 0,500 ZEMI-INFINITE
FOZITION DEFLECTION MERZURED DIFFERENCE % DIFF.
1 5.5500 S0 0. 2520 a.1
2 4,2409 4,430 0, 1921 4.2
2 2. 3706 Zo0ETN n, 1354 6.4
4 <. 0121 19230 -0, 320t -4.1
REZOLLUTE <LiM: 0, 82n% 20,9320
REITHMETIC SuM: 12,6527

e R e o=




DATR FOF DEVELOFINS EQURTIONI FOF ITERRTIONT 510

LAYEP INITIRAL CHANGED OFFTET DEFLECTION'
ra. MO 10 ) ]I | (b G INITIAL CHAMNSED  FERDIN
Ia
000000000600 00000000000000000 0000000000000 000000006000000000000000000000
1 SO0nan, cno0n, 4.50 <. S50 14,501 SLoans
1c. a0 4.241 S.4c= 4,432
24,00 c.271 2.0ez EPR I
2, 00 2. 013 2. 102 1.4az2
CPVOCPCPVP0PCVPPPPOOPCOPOPPO0P00 000000000000 0000000000000000000000000000
P4 Saaan, 2nonn, 4.50 S.S50 7 .REE s, 4nﬂ
1. 00 4,241 S.QAI )
L4 an 2.871 ]
o O 2. 013
ooooooooooo00000oo0000oooooooooo0000000000000000000000000000000000000000
2 cOnaon, 10000, 4,50 5.5%0 T.S07 S0
12.00 4,241 &, 027 4.4232
24. 040 2.871 4.5609 2,067
26,00 2.013 3.542 1,232

GOV VPPV PO00000PP0P0000PVP 000000 PPCO0P G000 0000 000000009000 060000000000

PPEDICTED E DISPEGARDING EOUNDARY CONDITIONS
SOanNed, 4032304, 21130,

FOZITION DEFLECTION MEﬂSUPED DIFFERENCE % DIFF.

1 S.871& 0, 0362 0.6
& 4.47349 4., 4330 -0, 0484 -1.0
2 2. 3416 2.0570 0.1254 4.1
4 1.3332 1.93230 -0, 0562 -2.9
REZOLUTE ZUM: 0N, 2n42 8.655%
AFITHMETIC ZuM: 0,.7420
RVERRAGE : 0, 1651 2.1639
THE FINAL MODULUL VALUES ARE
SoNnEa, 40304, ci1z2a0. 1aooo00.
DEFLECTIONZ ARE IM TOLERANLCE
F e YERTICRL TRANGENTIAL RADIAL IHERR BLILK
0. =7.S ZTPE -9.337VE 00 4.723E 01 4.723& 01 U, 2.507E 01
STRA -2,491E-0% &£.79TE-05 £, 7ITE-0S 0, S.I0ZE-0S
DzPL S ANIE-NZ
. F.5 ITRE -2,237E 00 -2, 452E-01 -8,452E-01 0. -1.109%E 01
ITPA  -2.12S5E-N4 A, TIFE-NS £, 7ITE-05 0. -%.293E-05
DipPL S, 203E-02
. -22.0 ITPE -2.012% a0 1.313E 00 1,313E 00 10, 5, DE4E-D1
ITPA -7.2ME-0S 32.8F1E-0S 3, 371E-05 Q. 4.514E-08
DiPL 2.43E-03
. e3.n ITRE ~2.01%E a0 1,701E-D2 1. 7TOL1E-02 0O, -1.93%E Q0
STPA -2,.821E-05  3I.871E-05 3, 2F1E-05 0, -1.37F-0%

DIPL 2,429E-02
sosee ENII OF PROGRAM eeeee




PROGRAM Lo i

HI™ TEFIFT eman U I I TR TR T S IR A R PTRY T 31 % RO TA

COLTEM CFQOFT

gLl OF HEwm-uLl' CTHEWDEF
aLl» OF MEW-0OLD

OLD FILE® CHEWDLEF
FERDY

ol ITT

N0 0000000000000 00000000000 80000008500000000000800 0000800000000 00000000000000
NNNZI 0600000000000 00000000000009000000000004000000000000000080000000000000000000

THIT PROGRAM CONTARINT AN ITEPATIVE FROCEDURE TO CRLCILATE

IR (0 MODLILL D wRLLET FOR LUP TO 4 FRYEMENT LR ERPT FFOM THE DEFLECTION
[XEO A H T BATINM MERILUPEMENTZ . THE FROGRAM LITES THE CHEVFDOM M - LAYVER
LIS ELAITIC TWITEMT FPPAOGRAM AT A TUBRPOUTINE 10 TRLCULATE TEFLECTION:
3N FFPOM INITIAL AND [TERPATIVE mMODULLY™ VALLET.

(X8 S

noLgac

antane

DR BTN FRPOGRPAM NAME:  CHE“TDEF

noya

LS00 COLED Pr:  DF. WALTER F ERREER

DY e

s Indils POINT OF COMTARCT:

DT RLEEFT I, EUIHe II1

oy SEQTECHMICRL LAEOPRTOPY

PO GO0 WATERKAYS EXPERIMENT ZTATION

YICKITRURG MITIIZZIRFT 22130

100
30

ﬂ“;?bt COMFUTER: WHTERMRY D E-FEPIMENT ITATION. ZELZS
GOZ3nr LRANGLUAGE @ FOFTRAN IV
LSS o DRTE CDOMFLETED: LY 133sn

TRECIAL FEQUITRFEMENT:  CAHFIOING PEMOTE EBRTLHW FRDCECT ING
CTORRGE: Ty 5o

LI X223

&

(2222 2]

CHLL FrOFTYETv el e

LOICAL FECALL,FEITERCONTIN

CHAPHITEFPesN TEMNTY

CHARACTEFe4 COMPAR

CHAFRCTER IFUMe] 4.9

INTEGERP COUINTP

) DIMEMIION EL de 2 dEMAS rd cEMIM S0 rdedreFidid ol 3 B deg
INEEYY LRk U ILY v HIF 3 IDIF 4.4

GNESA by vided e ATEMF « f 0

nide 0 FERL MOIZCWNUGITEMP (4 cETEMP 1 444d

nngTn PCETOL e DF 744 20 0 FRD v «DTOL -8+ o

T CTEMFDEF td o FCT vl wmil IR T

A COMMON OFT COUNTRDEF « 4 s HLAY L

nNSnn ¥ OMMOM MDY ANY e fane . R R EtvSee HH 3.
LS R v H3v 4. | P RS2 eS 0 B9 3 S DR L
s Ena 3 D23 eSon A3 e ROl 230 R0 230 e TITLE SN
s 20 - TE.Tottre Bl . i€ aded USRI FMiZel e
AN 2 B FMiGaded o LMy g

[




IS ST
DSk

OO TN

AEXES Wi
0oz
e ]
DY 31
e S
im0
Onen
CHez0
Bnesn
oo
N0
unTen
nav o
nnT4an
TS0
DOPEN
anveo
nnyao
nov3n

Onssn
nn3ITN

Joasy A

a0
nrooo
ornn
01020
o1az0
N1040
01050
0y ne
DN O]
oaz0
0y ean
21100
1110
nlren
[IREd 1]
1140

N

ey

IATA CONFRF- N
FERD:S«210+ LINENU. MFROE
WPITE £+ 1 0% NFPDOR

D0 #%3% NFERF=1HFFOER

WPITE ws 1315« HFP

CONT INUE

PERD ' Se 1000 TEXT]

WPITE rés20n TEXTYL

FERD ' Secl iy LINEMUNHD v PRD T e I=1 s NIy
LM o= o,

COUNTR=1

COMTINUE

ITEP=1

FEAD ' Sa 2ty LIMEMUSNL TOLsMA=TT

D0 S I =1eHD

Mals = 1, -FPD]

CONTINLE

0 2 I=1ML

FERD 'Sy c1 0 LINEMUSNWsEMINCI Y EMRX 1D
ILV e T o=Mu

WRITE «& e ML

WMRITE (Ese19r vI1eI=1,NDD

WRITE ks sRPDCIN s [=1sND2

WRITE ‘&s&212 Wild s I=1eND
WMRITE ¢6s 70

WRITE (6« 650>

pa S9 MT=1sNL

WMPITE (B 8RN MI e ILV IMS)  EMAX iMI5 s EMIN(MS)
CONTINUE

CALL CHEVPON

WRPITE f6eztz0

CONTIN = [ TRPUE.

UM o= o0,

TLHMP = 0.0

ARIIM=0, D

g 2 I = t.HD

ERF = PROcI+-DEF 1)
FERC=rEPR-FRDCI 2100

UM o= UM+ HES VERRD

IUMP = IUMP + AR (PERLC)

HIUM = RILUM+FPERC

WRITE (5220 2 DEF 1M s RPD I hERR«PERC
DF1s3» = DEF I

CONTINUE

IF «ZUMP.GT.TOL> CONTIN = (FALZE,
WEITE 19«40 UM SUMPs RIUM

IF «CONTIN. 3070 89

COUNTR=3

ITER=ITER+}

0 15 1 = t«NL

b= IV I

EL: I+ 3 = ALOGIOQCE 'k

CONTINUE

WRITE &e7TED ITER

Do &n (=1sNL

k=L 5

IFCITER.ERD. 1030 TO &%

IFOCy 3 JER.CTEMP < d¥h s
LILTEMP ¢ |
ELs e o= 2000 O $LTEMP e IX0 ) @

-9

y=RLOGL D CEMAX (Y +ALDGI QCEMINC. X o -

e




L 0LEz0 S0

(13 B Bl
il len
nyyon
ey geEn
w1yen =X
rzan o4
a1E1n
nieen cl
n1ezn
n1z40
n12sn xn
N12En0 4n
n1Evn
LD g3 )
120
01300 45
0 B Nl

nyzen

0y z40 .
013%0
1 2A0
01370
11220
013230 2
nia0n 3
014110
0n14zn
1420 (30
01440
01450 (25
01460

11470 23
n1azn
01440

015040
1510
01520
n1Sz2n
11540
1SS0 110
01SED
GLS70 120
01520
1% 101
H1&an
0ie1n
agesn
D1E 20
N1540
01650
01660 o7
01670 70
11630
01630
01700
10
nren 71
N1Tan
01740 &2

IF AE Bk -EMAS e LT 100, 0OR AEZCEk «=FMIN: £ v LT 100030 TO &4

[Fe e LI LTOCTEMP 200300 TO 22
IF HIUM LT 0 EL el o= 200 10 «ALOGINEMAN v 4

0 10 ¢4
IF/RIUM GT O EL e 10 = v 2o s +RLOGI O EMIM 50 00 - 4
Ech r=10eeEL « Me ]
50 70 40
IFRZUM,LT.0:50 TO 20
Efhr=EMINCG S5
30 TO 40
E K =EMRX s 140
EL 1ie 2o =ALOGI 0 EkDD
CAHLL CHEVRON
g S0 Kk =1.NL
DF ckke2y = DEF kK>
CONTINUE
Tikky JA s (DF KK 2 —DIF KKy 330 CEL Y Mo 2 —EL v Jole 300
ROKK s JXo=DF KW s 23 —EL N0 2D @S (kK s Ui
CONTINUE
ET3 = 10eeEL (. IxXs 32
MPITE AR PP 00 ILV L L2 s ETIsECILY (A0 v o AX1 012 s DF (1o 21« DEF 1 « RPD: 1
IF'ND.ER, 1y G0 7O 39
DO 24 12 =2.ND
WRITE (6o P70 RAXL I3 o IIF €139 3> 9 DEF ¢ U0 s RRD ¢ J50
CONTINUE
CONTINUE
WRITE ‘6810
Efkr = tDeeEL ¢ Ny 32
CONTINUE
DO 235 kK = 1«ND
CONTINLE
DO A9 KFk = f«ND
CONT INUE
IF'ML.NE.ND>» 0 TO 101
00 120 1 = 1+NHL
CeIy = RPD ol AT eNLY=Z (T NL)OEL «NLs 3
DO 110 0 = 1sHL
Corla=C 1S cle Jr@EL v te 3>
Eeledr = T0lsds
BYEMF <1s Jx = Relys 0
CONTINUE
CTEMP 1> = ol
CONTINUE
50 TOD 72
CONT INUE
DO 20 1 = 1eNL
Cefy = 0,0
Do 70 4 = 1s+MD -
CoIY = CiloeSede 1 @PPDy 1v=RcdoNL =S v JeNLYOEL 'NL s 31 ol |+
DO A7 2 = 1sNL
Lefv=Coly 2 v de )20 0 JelroEL v USe 20 I
CONT INUE
CONT INUE
DO £2 JS = 1eNL
Beledi> = 0,
PO 71 J = LeND
Eelediy = Beledir ¢ SoJelrel v JoJd3irol: 0
CONTINLE
BTEMP 1o 02y = BeloJin
CONTINUE
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GITER LTEMP 1 = o]
niven S0 CONT TNLE
nLTvn T CONTINUE
DO T3 HH=1eML
TECOMTINLE
CTHLL JIMEC E«C oML v kERPY 4
WETTE #0201
0l FOPMAT (1H
WEFITE % 21t
WRFITE f& 202
FOFMAT  iH « FPEDICTED E DITPESHPDIMG EQUNDRFY COMDITIONS
00 Tx o =leML
AHTEMP: g v=jieel |
Tn LONTINUE
WMEITE e Z%) RTEMF v Llce d=1e ML
IF«vERP. NE. 30 TO =11
11l FECHRLL=.FALIE.
1 DO =24 I=1.HL
012z IFPECRLL G0 TO =4
01330 MM ALOGIO EMAM YT ey
DR FMMIN RLOG1O EMINGT
D10 IF il JRE. cAMIN=~, 0001y JANMDL S0 JLE. CAMRE+, DG0L G0 TO =4
01aTi FECALL =, TRUE.
DR R Y D0 =& k=1sNHL
e IFfk EQ. T30 TO =
NS A Lok = TEMF 7k
R RE : 0 =21 L=1+HNL
nEngi E‘Lek =RTEMF 'Lk
1 COMTIMUE

L

)
B3

PO
[

a2 040 : COMTINUE

HaNsn IFrZ I JLT.AMINDC O
PN IF 0 Iy ORT AMAX ¢
NEWTH CTEMP Y= (s

02 0= DO =2 kE=1.NL

I BrIsko=0,0

na10nag ETEMF  Is k=B TskD
neiLn CONT INUE

03ren EvIaJor=t, 0

Ny G ETEMP I« =R 11>
NnE14n =4 LOMTINUGE

DE1Len IFRPECRL 30 TO 73
S Y DO 25 I=1.HL
A=l
TEMP=10ee (]
TEMF1 = 10eeEL T2

ETOL ' 1+=REZ» i TEMF~-TEMP1" -TEMP1)> @1 (103>
E« v =TEMP

CTEMF T =EL I+ 2

COMT INLE

CHLL CHEVFON

LM o= 0,

IUME o= 0,0

MIIM = 0,0

COMT IM=, TPUE.

WMEFITE re a3

D =2 1 = 1sMD

€FF = FPO/1+~DEF+ 1.
FEFC=+EPP-PRIT 0100

M o= J1M + REDEFF

IUME = JUMP 4+ AR FERC)

o
)

i)
S

)
[

B-11




n;4uu
=410
nzagn
neazn
0244n
024510
=2 131
12470
1z4a0
ne4an
nesn
nss10
02s&n
0530
n2san
nZsso
u2Sern
2s70
ﬂaJFn

08650
NEEG 0
NneeTH
nean
neEsn
[ i]

n¢?4n
na27yso
DETEDR
Ur-dard |
aevan
0273
nezoa0
u2e10
n23en
neez0
nZ240
ﬂ;sﬁu

uaaln
anJﬁ

WMPITE &z LeDEF IV o PRI T v EFF«PERL
DF 1«2 =DEF 1D

HIM = ATLM + FEPL

CONT IHUE

IF «ZUMF, GT.TOL: CONTIN=.FALTE.
PER-ILIM="LIM - ND

FEPIZLUMF=ZLIMP -ND

WRITE (62407 ZIMe ZLIMP, HELIM
WMPITE 5,715 PERSUM FERSLIMF
FEITEP = .TRUE.
DO 27 I=s1eNLRYZ
IF<ETOL<I1>,.5T.TOLPEITER=.FHALZE,

27 COMTINUE

IF “COMTIH» 07T0 29
IF/REITEP G0 TO 39
IFVITERP.LT.MAXITOGO TO =
MPITEtﬁ.anﬂn--E cIae I=t o NLAY S

D]
W

Z0: FORMAT lH s "RERCHED MAN MO OF ITERARTIONSI )
50T0 10
29 WRITECE» 30003 vECID o I=1, MLAYID

IF CCONTINY WRITE V63040

204 FORMATCIH »°  DEFLECTIONS APE IN TOLERANCE®>
IF FEITER) WRITE (6, 305"
205 FORMAT(1H 5~ CHANGE IM MODULUS VALUES ARE IN TOLERANCE

10 COUNTR=9S
CALL CHEVYRON
50 TO w9as
M WRITE G700
399 CONTINUE
WMPITE Fe2S00
_TOP
10% FOFPMAT (1H1«10x, "THE NUMEBRER OF PRORLEMS TO BRE SOLVED IS
% XL T
220 FOPMAT fSXe 1S 2F12.4F1 0. 10
ELU FDPHRTf'xsﬁys"PD'lTlUN'-EV-'DEFLEETIDN’:3X:’MERSUFED’:SX:
L DIFFERPENCE 2 "% DIFF,
INON FORMAT « - “THE FIMAL MDDHLU_ VALLES ARE s .~y
2A4CF LD, Degxrd
200 FORMART (1M s RSO
S10 FORMRT i)
41 FORMAT « -~

wT?ﬂ!"IN THE A MATRIY o <sT13¢ "1 s T30 8 e T48e " 2" o

LTE2e 40

51 FOPMAT ¢

290 FOPMAT <2 e

el FORMAT ¢ - -TjU! IN THE = MATRPIX o« v aT13s 7179 T20s 279 T48s - 3" »
L TESs 747 )

70 FOPMAT ¢~ THIZ MRTPIX HAZ MO Z0OLUTION»

290 FORMAT 7o T20¢ "IN THE B MATRIY v -« T13s "1 s T20e "2 e T42¢ 37
2TRZe 4700

200 FOFPMAT - -« T30 IN THE & MATPI: » 7o T1307 1 o TR0e° 2 s T4Rs "3« TEE

10 FOPMAT «T2% "THE MODLILLIE YALLUEZ APE HOT WITHIN TOLEPANCE <)

1000 FOPMAT rR210>

200 FOPMATY Sxe  NLUMEEF OF YAFPIARELE LRYVERPS HND TAPSETY DEFLECTIONS =
£ O-X

=19 FOPMAT (1¥s 7o 194 "DEFLECTION PERDING: IN MILI
2 PDTITION NO: sfned e [1oZH D

ﬂEfdb w2l FOPMAT « "DEFLECTIONI: “v6xed F12. 200
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Nz9%0
029eN

ﬁ)nnn
ulnlﬂ

u-’l‘lﬁu
n2za7n
nzonzn
DT
02100
e B ]
MR F=1]
ﬁ’l?ﬂ

14"

FOC
i

4ﬂu
0:410
G420
nz4z0
nz44n

024500
NZ4600C

2470
034320
Nz2490
nv=oa

100

&l FOPMAT « WEIGHTIMNG FRACTOR: “+4.F12. 20
w50 FORMAT - +Siy YARIAEBLE IVETEM o9y "WRLUE OF ° »
A TMAKMUM MODULUE

1&

254 LATER NO" 2Xs "LRYER MO
EA i
(23} FDPMRT(?XvIasQ” 121 0<s F10. s J0EFLY, 10
P10 FORMAT ¢S crae g
720 FORMAT (S0 92
761 FUPHﬁTvdﬂfIHO-.fsSH,"DRT& FORP DEVELOFING EQUATIONT FOR
2 MO, 234 I.-.'J
760 FUPMuT'lHI, "}

COMMON.-DPT-COLUNTR, DEF ©4) s NLAYS
INTEGER COUNTR

DATH FZTERs FERD-4Meeee, dH,...-
IF«COUNTR.EQ. S99 60O TO 7
IFCOUNTR,.BE,. 2> 30 TO &6

TRALL FLGEDF ‘41sNFILE>

VALLIE OF 79 <
TMINIMUM MODUL

FOF EQURTION A + = e E = [DEFLECTIOMN s~ -2
‘FOR THE EDURTION [R] e (E) = [C] 4

[TERATIONS

+Sxe "DATA FOR DEVELOPING EQUARTIONS FOR ITERRTION:

2 MO, “el2esrs iv"LﬁYEP INITIRL CHANGED OFFSET “» 10X
2 DEFLECTIONS “40. ’-st"NUDULU- MODULUE - »SXy 7 DISC. INITIRL
2 CHRANGED pEﬁnle_'!f!(a( L 2]
V70 FOPMAT ceXe 1294 XsFE. De IXsFB. (s Q@R FE,. s 359 F6,. 39BXsFE. I IxeFh, 3
730 FOPMAT ¢ T26F€, 2 2XsF€, 396X F6,393%XsF6,. 3>
A0 FOPMAT -/
210 FOPMAT «22¢ "®7 )
715 FOPMAT c2zys "RYERAGE: “»&F10.4)
240 FORMAT 22X« "ABRSZOLUTE ZUMS "s2F 10,45 -9 22%
Z"ARITHMETIC UMz, 10-F10,4)
250 FORMAT (1M -;ﬁHooooo END DOF PROGRAM e¢eeee)
1212 FORMAT C(1H1s -~~~ "PROBLEM NUMBER " 4, .- /2
END
ZUERROUTINE CHEVRON
FO40 BSPO040 N-LAYER ELRSTIC IYSTEME PROGRAM
CHLCULATING STRESSESs STRAINI, AND DEFLECTIONS
131MN  eeeese MAIN ROLTINE - N-LAYER ELAITIC SYSTEM eeeece
COMMON <PMCOY-RRC10Y 22100, ECS) e YOS MHH 43,
2 Hidd AZC396> s  RAC3I96+S1s B(29CsSHs CrL396:S0,
b2 D395, S>y AJ(396dy RIFT(IVEDs PIADCIABI e TITLEEM
% TESTC11>s BZ2C1002s XiSsdsdde 04y FM2e22 e
& FMi4s4543 R Ze AR, NS,
% Ms Ly ITN- REEy FiRs
% FOMs RMU. SFy CS2y C3Ts
% CSRe CTR» oM, CML, P,
b2 ML INE . HOUTP NTEST, Is ITNG.
2 K LCs dTs TZ2» FR,
& PR P EP» TIP. TIM.
2 Tis T2 T2 T4, TS,
% T TPy T2M, WH BJis
% B0 ZF» 321 SECe 361
2 362 FHs PH2 » YEEs VKPS
& Y4 VP4, YKKS. RDT. (23 (kS

eo COMPUTE ZEROS OF J10xX> AND 0%, SET UF GALSI CONSTANTS ee

k= ITH+1
DO & I=7skeg
T =12
Th = 4. 08T - 1.0
4 EZely = 2,14159276¢T ~ 0.25 + 0. 050661-TD
3 -0.0%2041-Thee: + 0,262051-TheeS>
O 2 I=2+1THe2

=zte
T = :1-&r¢

B-13




R

NESen

naniuy
DE Y]
e NI
IENIE Y
N4 NS0
DG 1l
DE X a1

1A

ad10n
0411 00
n41en
N4y 0
n414n

TD = 4,067 +
EZ2«Iv = 2,14
+ 0,015

i+ FERD S Zas TITLE

2 FOFMAT (2 0R4:
IF«HFILE.ED, 1Y 50 TO 3999
FOPMAT
FPERD S 23% LINEMUs WETsFITsNOUTPs NFUN

FOPMAT «cF1c.0s J13s 112

FPERD S 299+ LINENLIs  NZe «E¢Ide¥ilrse 1 = 1s NT»
HUMNY?E = N7

FOFMAT » 1 3F3, 0 9F6. 0O

FOPMAT «

FOFMAT 78y LUFE, (s

CONMTINUE

M= H -1

FERDSe 3330 LINENUs <HHCI) s I=s1oMD
FOFMAT 10GFE. 01

1~

PEAD (S a0 LIMENUs IRs CPRCID s I=1y IR
IF IP.EG. N
CONTINLUE
PEAD Se 3997 LINENUy IZe ¢22Idal=14s]12"
IF COUNTR.ER,. 33 G0 TOD 26

RETURN

CONT IMUE

AP = I0PT <WGT- 72 141596PSIH)
HLINE = 17+N3

HFRGE = 1

WRITE £

¢« 350y CTITLE «Ixs Isls20n
FOFMAT 1H1 -~ 1HO«SHeoeee®s 2 (H4)
KHRITE v« 251D
FOPMAT +1HQ«23%+26HTHE PROBLEMFARAMETERS RRE/ .~
MPITE "€ 3523 WET«PSIv+HP
3Se FOFPMAT 1HO Sxs 12HTOTAL LOAD..s 3Xs F10.2y SH LEZy -~
% 1HI. ISHTIRE FRESSURE..s 55Xy F10.2y SH FZls-
% 1HO S 1 SHLORD PADIUS, . »PXeF10,29SH  IN.» -2
WETTE ' He 2530
IS FOPMAT » IHOs Sy SHLRYER NO. « SXe ZHMODULLUE « 2% 14HPDISSONS PATIO.
2 Sy SHTHICKNESS >
WFITE (Ae 354 (LB s Wils HHCIYs I=1sM
254 FOFMAT QHOs2Xe I3 3xeF10. Dy 11XeFS, 30 14XeFE, 20
WMPITE £+ 243 e BN« N OHID
249 FOPMAT 1HO2Xe I 2030 FI0, Ds 11XeFS, 2011 Xs 14HEEMI-INFINITE o>
IFCOUMTR.NE. 2> 30 TD 27
WMEITE &340
242 FORMAT 1H 120 THR» 22X+ IHZ e 11 M SHVERTICAL « 2% 1 ORTANGENTIAL »
2 e @HRADIAL s £4s SHEHERR « 6 Xy 4HBULK >
27 CONTIMUE
e RUILIZT LRAYVER DEPTHI eeo
Hili=HH 1
0 &% I=asN
S Hrlv=H I=1v+HH T
CALL CHECE 11
26 COMTINUE
IF COUNTP,ER, 25 WRITE & 242
IPT=1
e TRAFT OM A NHEW F ee
1og [RT=IRT+1
IF IFT 1P PETLIPN

10S F=ppIPTH

B-1h
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R T Y AT | S o T A s d s WY g o s v e 4k

naLsn
n41en
DE S el
n41=0
14130
1T Y4114l
n4z10
n4cen
04220
Q4240
n4g50

N4ce0C

n4avo0

04220C

04220

04240
04350
04320
03270
04320
04330
044010
04410
4400
144 =0
NEE T
04450
hEE T
ndd7 0
DL E =11

04490

045010
04510
4520
n4Sz0
04540
14550
n4560

0457 0C

n4s20
4S50
04E00
04510
N46c0
[ 1-3c11]
4640
04650
BETYY]
04570
N4E20
N4693n0
4700
047N
3470
04730
n4r40)

IF (COUNTR.NE. 22 50 TO 22
WRITE c&s 2550

HLINE = MLINE+1

FORMAT “1H

T3 COMTINUE

CALCULATE THE PARTITION ee
CALL FRRT
CHLCULATE THE CDEFFICIENTS ee
DO 12% I=1,1TN4
P=RZ2 1
CONTINUE
IF/NS.6T,% GOTO 105
CALL COES<I»
50 7O t09
COMTINUE
CRLL COL1S<I>»
IF ‘R 115115110
FP = FeR
CALL EEIZEL “0+PRyY)>
FIIVIY = Y
CRLL EESTEL (1+PR»YD
FJIL D> = Y
FPRA=FeAR
CRALL BEIZEL “1sPRsY»
ARICIY=EY
CRLL CHECE <@

2% CONTINLE

127=0

ITAFT ON A NEW £ ee

I2T=12T+1

IFVIZT-12> 20%5.205,100

Z=RBT fIZ2C12TH)

IF + NLINE - 5S4 » Z07:206s206

e HPRGE = NPAGE + |

NLINE 2
CONTINUE
FIND THE LAYER CONTRINING 2 ee
TZ2 = 0.4

PO 210 Ji=teN

d=Nz-11

IFCZ-Hilry 210:.215:,21%

CONTINUE
L =1
0 1O 24
L=J+1

IF «ZZ¢13Try 33 344 24

2 L= 4

122 = 1.0
CONTINLE

CALL CRLCINYVIRTY
IF TZZ) 36036+ 3%
QE0IZTy = =220 12T)

12T = 127-1

26 CONTINLE
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[T ]
ng et
[T P 1|
mren
g >N
gz 0nC

'(I
[ Y2 1]
I ¥4
n4se9
04E70
[ 24531
04z
ng3ng
=S N
E -]
043320
04340
04350
04360
049710
4330
42an
nsoan
asoto
nsneon
WS 0z200
sS4 0rc

SO0
gsovo
%020
nSNIn
sy o0
ustin
as1en
051 200C
NS140C
05150
015160
05170
0S1200
ns1an
0sza0
0se1n
nseen
DT=31]
%40
D11
(2 ]
n5evo
%220
S22
0% z00
D B

nsen

NS 240

=0 TO0 cvn
e CHLL ESTT

CTaF

END

ELDCY DHTH

COmMmMon -PMEOY - RROLI ot B KN EvSee. HH Qs
2 H(4: AE ¢ 20 A 3965, Ci33eShy
2 Di338eSre ALIIBs e RILUIFE), TITLE s
% TEST 112y BE27100:«  XiSe4sd4rs 07 4) FMi2s20 s
k2 PMidedsdr 4P Iy RFs Mz
% N» Ls ITNs RZZ ;
k3 POM. FMLU, ZF s Lz
% [N Y CTR COM. ML,
2 HLINE » NOUTP. NTEST. Is
2 [ X] LCs AT T23
% PHs Ps EF. TIFs
% Tl T T3 T4,
% Tés T2Ps TEM, [
% BJD, 2F» 321y 223
% B2, PH» PHZ» VS
% VK4, VKP4 YEKRS FDT,

DIMENZIOM ZBi&)

EQUIVALENCE ‘B2«.ZB »

DATA ZB- 0,01, 10:2.404%s2.3217+5.5201+7. 0156~

DATA ITH-46-s 1TN4 154

ENHD

ZUBROUTINE BESZTEL CNIsXIs¥D

000000 UBROLITINE BESSEL - N-LRAYER ELASTIC ZYSTEM eeeecee

DIMENZION P216> s Q2R s PY (B3 (Y s D (20D

DRTA PZ2-1.0E0s-1.125E-4+2.8710938E-7s-2. 34496 58E~S»
RDZ-=5, BE~2+4.6875E-6

22, 93062841E-115-1,1536132E-12~

=2, 2295859E-3y 2.23307087E-10s -6,3912096E-12,
2P1- 1.0EQ. 1.37SE-4. ~3.6914063E-7>

@1-1.5E-2»
7.1431166E-12»

L-4.5114421E~-11+1.2750463E-12
i 2 RA2IRCRE~Sy -2, 2ERE0E4E-1 D>
2 Pl-3.1415927

IF «#=7.0: 10s10s160

Ane=HAE 0

10

FRL =-:2e4¢e
IF ‘MN* 11s11e14
11 £=1.0
=
0 12 1=1,24
T=1
C=FRCo. «TeT:
TEZT=RBS L) - 10, Jeei—20
IF ¢TESTY 1741712
12 V=YL
13 COMNTINLUE
14 =18
=0
DO 14 I=1.24
T=1

2.3124704E- 12 »

2. TP13EISE~T
-6.5685E-€

-2.522TOSEE-13-




.-

nszsn

asq4a0
0s410)
0S4 0C
054 200
154410
WS40
0S40
%470
nsezn
asSq=n
assan
asS10
5520
sSz20
5S40
NSSS0
NSSED
aas7T0
05%20
05930
NS00
uSe10
(Ut ¥4 1]
USEZ0
5e40
1SES0
I Y Y]

0S7 a0
[ N
nSreos
nsET 20
NET400
NS7s0
NSTEN
asvTe 0
nevan
Lrac )]
ws200n
05310
0%320C
0S3200C
nS340

I3 R
05320
]
DA A1

16¢

164

165
163

170

BRI U O TR

o e

C=FAI oL - ToiTH+L, 0
TELT=RE. (v - 10, 0ee. 320
IF CTEITY 17417419

Vel

COHT INUE

FETUFN

IF ‘M trls161yr1£4

DO 162 I=1+6
DeIr = P20l
DeJagny = 2]
COMTINUE

o0 TO 16z

Do 155 1=1,¢
D¢l = P11
DeI+i0y = 01D
CORTIMLE

COMT INUE

TL = &5.07%
Te=TleTt

P = n&é)OTEODES?
DO 170 1=1.4

J = S-1

F = PeTZ+Dic )
CONT INUE

5= DclhreTe+D 1S
g 171 I1=1.4

4 = S-1

D = DeTZ+Di J+1 0
CONT INUE

Q0 = DeT1

T4

=DTART cHeP]:
Té = TIN 0
= £0%

IF <M> 1301810135

TS = viF-eTE + (P+i1eT7)-T4
50 TO 2%

TS = P+ eTE - F-D:1eT72.T4
¥ = TS

PETLIRM

END

ZUBROUTINE PHRT
©00000SUEROUTINE PART -~ N-LAYER ELASTIC 3IYSTEM eeeees

commMonM “RMCOY-RR L0 o ZZ0100 E(Sy ViSy,
Hedrs SC3960 s R(3IVEITre B(3INEsS)
D3R aTre AICRIE»s RILTC3FED e RIOC3IF6D

TEST11>s REC1O03s KiTededdy SCid)
FMid4s4:47 P> o AR» N
Me Lo ITN. RS2y
FOM. FMU . IF, CS2»
CIRy CTRs COMe CMLy
HLINE, HOUTP, NTE=T Is
ke LC» ITs 122y
FRA. P EP. TIF
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Cu3VEs S e
TITLE <20

FM(Se20
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RER»
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i T T2 Tie T4 TS
» T TEF« TeMe Wi R.11o
» B CF . i TS S )
[Laie B3 b4 TR FHe FHC . Vh e YEPC
115,090 3 e do YEF4. AU FOT. (3
oz a0 DATH G 0,301 2831, o g -0, 227233104
nE N 4 °F = [F
0.0 0 HTE.T = 2
DEDZ0 IF Py 29809
00410 S CONTINUE
e 050 MTEZT = AP-F + 000}
0016 1) IF 'NHTEZT> £4645
DT e CONTINUE
HTEZTY = P-RAR + 000}
F =R
0.1 an S COMTIMNUE
=110 HTEZY = HTEZT + 1
(S P31 IF ‘MTESZT-100 387
e 20 v OCONTINUE
LS B 31 HTEZT = 10
0n1%0 2 CONTINUE
M 1e0c o¢ COMFUTE FOINTZ FOR LEGENDRE-GAUSS INTEGRATION ee
=170 19K =1
e 130 CALL CHECKE <9
10 = 2.0eZF
me2Ng TE2 = 0.0
el 0 28 I=1»1ITN
Eceo 21 = iZ2e
e ZF
221
TR1=iFefiz]
IR2=IF ez
R (K =PP-TR1
R (K+15=PP-262
AZ K421 =PP+GE
AZ K+ 2 =PP+%G1
F =k + 4
CHLL CHECK 1)
25 CONTINUE
40 FETURN
EMD
GE370 ESUBRDUTINE CRLCINCIRT)
0e330C 00006 UBRDUTINE CRLCIN - N-LAYER ELRSTIC SYSTEM eeccee
e300
e400 Z0OMMON “RMCOY- RR 10>, S22, EcSry VIS HH 4>,
02410 b Hid> e R2(3962s R(396:T1s R(3969S2s CO3IV69SHy
-2 r-d1 S D(398452sy RAJIC396)s RILCIVEIs RIOC3IIEYs TITLE 200
ne.qn % TESTC11>y B291000y X Badeddrs SCud), FM2s2) s
DE44D 3 PM(4,4:4) Ry ) AR N -
450 % Mo Ls I TN, RSZ. FSRs
05360 2 POM. MLy EZFs CSZe CST»
Hed470 R 3Ry CTR oM MU FSIs
420 2 NLINE» NOUTP» NTEST. Is ITN4.
e 2 ko L dTe TZZs PRy
BES Q0 LA PR Fe EPs TIP, TIM,
0ETLO & Tl Ty T3 T4, TS
0SS0 A Tée TP T2M. WA Ells
QeSS % k.10 —F 31 2 TG1e
0S40 b2 52y FHe PHS Ve VEP2,
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ST
e, %= 0
NES3A0

e 1 0
nEecD
O, 20
(Y ]
DESSH
DEZE 1)
06670
NEsz0
Hee a0
aETAN
METL0
nerei

urmao
ayozn
aFozn
[kl E 41 ]
[ ]
(g (TR
DT 070
AT 030
kT (]
[ Wl 1]
DO B
il e
[l W o
[Che € 11

&0

" COMMON-OPT -COUNTR s DEF 145 » NLAYS

- kP4 - FOT. FI”

INTEGER COUNTR
LIMEMTION We4)

Wli=Z, DeY L
EL=«1.0¢V Lo ~ECLy
WLi=1, 0-%L
CIo=0n, 0

CIT=0.0

CiP=0,0

CTh=0.0

COM=0,0

CM=0, 0

MT21 = MTEST + 1

g

IT2 = 1
T = 0 s
ARP = HAF 5

IF “NOUTFY 4.455
ARF = FARPPI]
CONTINUE
IO 40 I=1.1ITN
INITIALICE THE ZUB-INTEGRALS
F52=0.0
RZT=0.0
FIR=0.0
PTR=0.0
POM=0. 0
FMLU=0, 0
COMPUTE THE ZUB-INTEGPALS

ko= d4ecl-g0
Do zo I=1.4

A =F +
F=fZ 1
EP=ExF Fe2>
Ti=pErJleLroEP
Te=D+JtsL -EP
TIF=T1+T2
TIM=T1-T&
Ti=rA JlsLa+BcdlsLr 022 ¢EP
Te=iltdlolo+Dvdlel s @2 7EP
T2P=Pe(T1+T2>
TEM=P#T1-T2>
WH=R O 11 el I
CALL CHECK 32>
IF iFr 20,20+1%
Bdi=p A1l <11y »F
EJO=@ t0d 11 op
REZ=PIZ+WAGPORICS (VL 1T IP-TZM:
FOM=ROM+WRGELSE. IQe 2, QoVL 16T IM-TEFP)
RPTIR=RTR+IASPOR 11 & VLOTIM+TEP)
FMU=PMUcWROEL eR. Il e TIP+T2M)
RIR=FIR+WFe PoRI0® 1, G+VL) ¢TIP+TZM) ~B 1o TIP+TEM) ~R)
RIT=RIT+UA®G YL oPeRI0OTIP+BI1 ¢ TIP+T2M) ~R>
CALL CHECK ra»
GO TO =0
CFECIAL POUTINE FOF F = ZERD
PP =Fof
PsoeRiZelfoFPe (V. 1O0TIFP-T2M?!
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[ BAT]
T len
[T
nvLEg
RS S 111
nrenm
RS B
avaEn
nvezn
nye4n
avasn
avaen
nyarn
nreRn

a740n
ny41in
yvaz0
nrazn
nva40
0y 4sn
NTYE N
LRE ]
[ $31
nr4n
neson
7s1n
n7a2N
7S z0
NyS40
07ES)
[t - 1]
PTETN
7s20
e
Nrenn
NTELD
HTESh
NTE S0
Nre40
OTESN
Dt ¥ 4]
Nnyrern
NTEE
TE 30
0y o
[ N1
areen
[ ]

uTv40

FOM=FOM+UIHOELOF e 2, 10l 1 oTIM-TIF
PIT=FSTolreFPe (WL 4N, S1eTIP+i, SeToM
F_F=p°T

CHLL CHECEKE S

a0 CONTINUE

21

e

ks

L

IF = "AZ/E+4r - AZ Ek+lr -1,

CIR=_IR+RIROLF
CTR=CTR+RTReSF
COM=COM+ROMe<F
EMU=CMUSRMUeSF

REZ = 2. 0eRIZeAROLF
CALL CHECK e
TEZTH = ABS RIZ0-10, 0ee—-4>
IF ¢ITI-NTSL v 31e22e 3¢
CONT INUE
TESZTVITZy = TEZTH
IT: = ITZ+1
50 TO 40

 COMTIMUE

TEITNTI1v = TESTH
D0 %3 ) = 1.MTEZT
IF TETTH-TEIT <)
0T TNLE

TEITH = TEIT. 0
CONT INUE

TEZTA0v = TEST 1o

32 CONTIMNUE

410

<0

Tl
T2

DU
-
=J

IF ‘TEZTH: SDeS0.4nN
CONMT INUE
JT =1
CRLL HIGHM
CZZ=C 2 eRPP
CALL CHECK 7
C3T=CZTeAFP
CTRP=CTReAFPP
CIR=CTROAPP
COM=_0MeRPP
IFfCOUMTR.NE, 99 DEF (IRT=COMe1 00D,
CMU=CMUIeNPP
= CIZHCITHCER
= CIZ-NLI e ITHCIRIYCE LY
BiT = BRITT & 1, 0-2.08Y (L) EiL>

- ~a, =
ZZr TE«7ETI

-

COMTINUE

POEI= SR~ L @ 0T240 STy ~E L)

TIT=2, 061, 0+ L2 YO TRZE (LY

POT = «CIT = Wby o (CSZ + CIPY2-EvLD
IF«COUNTR.NE. 92 S0 TO 29

WRFITE €8 2150 PeZsCS2sCEToCIRsCTPRITS
WRITE 6218 YITR«RDT+RDS ToRET
WRITE <&«317Y COM

FORMAT c1HOsF4.1:F6. 11X SHITRE «1PSELL, 3
Z FORMAT C1H « 11XsSHETRA +1PSELL,

FOPMAT «1H s 11x«SHDIPL »1PE1L, 30
HLIME = NLIME + 3
IF v T2 2303%.a0
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v e

nyTEa

uyrvan

TS
[e=3 N

0r2S

ny i
Ne2anC
07900
0TAaLn
nraza

nyeaRsn
UrAED
nrTavo
nyez0

avag

X1e FOPMAT

TN UNE 1

200 HIGHM

20 WMRITE (fe 216

29 PETURN
END

VIH 12T AR ILOW

TUEFQUTINE HIGHM

OCTAL LIZT
LAREL

*000 o THLIEFDUTINE HIGHM — M-LRAYER ELHITIC ZvITEM eceece

serees  LIEFDUTINE HIGHM - M-LAYER ELARITIC ZYITEM ececse
PETURN
EMD
CUBFDUTIME CHECK 7K IM>
+ e eeeeee: UBROUITINE CHECK - M-LAYER ELRITIC IYZTEM eeececes
comMmoM SPMCOY - RRE 103, ZZe100 . EvSre WS, HH (4 o

FETLFM
EMD

PERLe4 [i2ed:

LC = KIM

EMTFw  COEZ kM
EMTPY  CO15kIN:

.l

AZ7336rs  H3FB9Bds B398 SVe [ 73360450,
( Gy RICIIRN FILC3IF6>y RIO(INEYs TITLE (Z0Y
TEZT 113s BZ0100xs X Sededds SCidd, FMio2e22 s

FMi4sdyd)sRy Zs AR N

12 D) Ls ITNs Ty iR
F0OM, MLy ZF s TSR

CERe CTRs COmMs TMU.

NLINE. NOUITP s NTESTs I,

¥ LiTs JT» T22» FFe
FA. Fs EPs TIP, TIM.
T1s T TZs T4, TS
Tk T2Fs T2Me IR Bl
B0 IF s 221 522 R )
ZRZ FH» PHE VK2 YEFSs
Wk e YEP4 s VK ES RDT . FDE

CUEPOUTINE COFE K IND
UZE FOF ALL PROELEMSs UF TO MAX DIMENZION OF 15 LAYEF:
FEFPOGPAMMED | MAY 1320 BY L J PAINTER - EXCELLENT RCCURACY
MODTE DOUBLE ENTRIET FOR COES & COtS FREVIOUSLY UIED
esoves T IRPOLITINE COEE ~ N-LRYER ELAZTIC IYITEM eecece

COMoM PHMCAY SRR EcSre WS . HH 4o
e Hid s 29650 s BO3IIE, Sy LI5S0,
,: T L0336 RUL 390 s RAOCIIED Y TITLE S
e ! EZC10Dh s XcSedydrs SC 043, FMy 4o,

A FMideded? P s AR M

2 o L» ITH RS2 PP
” FOM MU » SZF e [y 2T
K LAy 2 CTR s Z0OM» IZMie Fils
b L IMNE » NOUTFR. NTEIT. Is 1TN4.
b ko« LCy ITs T3 FP+«

b PR« Fe EF» TIF. TIM.
A AR T2 T2 T4 TS

pS T T2Py TeM. WR . Bl
b | ZF . e B el i3l
2 IRE FH« PHS . VeSS Y
£ R YEFd WK ROT» rDZ

TET U MATRI: 3 sDleMlek [ekeMeD
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COMFUTE THE MATRPICET ek
1 DO 10 k=1H¢
Tiz=E k1@ (e b +ly e Ech+i @] Aok
TIM=TL-1.0
FPH=FPOH Kk »
PH2=FHes. 0
VE2=g, e\ ik e
WEP2=2, ey ik +in

WhER=2, ey ik r e ik 41
YEP4=2, NeVEFE

Wkd=2, (1eVk e
Hikelel=Vka=-32, 0-T1

sSe =0, 10

s el =TIMOPHS-YK4+1, 1)
vd4s 1 =—C.NeTi1MeF

A3 WS

] n3Sen TZ=PHce ' WKe-1. 11
’ NS0 T4=WRKE+1, 02, DeVKPZ
0*‘40 S=FHze Wk Pc-1. 00

T
Te=WkkE+1, 0-2. NeVke

MF e le@r=iT24T4-T10TS4TE P
AiKsZe@r=T10i%kP4=3, Qs =1, 11
Wik 4 Z)=TIMe 1, D-PHE-VKF4)

MK e2e 4 =iTE-T4-T1e (TS-TE+ ~P

TI=PHZOFH-VKKE+1. O
T4=FHZ e (vEE-YEF2)

Wik 194 = TI4¢T4+VEP2-T10 i TI+T4+VE2) D ~F
o= (=T24TA4-VEFPE+T 1@ TI-T4+VKE2 D -F

Hike1s30=TIMe ], 0-PHE-VE4:
Ke2e2r=2, QeTIMeP

sy 323 =Vk4-3, 0-T1

‘<|'|t,4. Srx=0,.0

KFe2sdr=TIMe (PHE~VIEF4+], O

AN edeqr=T1eiVKkP4-2, -1, 0
=3 : k= K
UH??O 10 CONTINUE
ng7g0r COMPUTE THE PRODUCT MATRICE:T PM
08790 ICINr =4, Qe yNY -1, O
02200 IF H-27 13:11011
11 DO 12 Kil=2sHN
M=MNi-K1

TCEMa =30 cMe1r 04 0V M2 -]
022410 12 CONTINUE
022%0 13 CONTINLE

0236 0

nes?o Dilets=1,

02380 Dige2y=1.

08830 Fole@2y=it.

D8900 o ‘F‘E.‘HfN‘

02310 IF RO, LT. =22, Op=-23,
03920 IF =32, l e 1S54 16

089320 15 CONTINUE
02940 Deyegr=E P 000
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ARMY ENGINEER WATERWAYS EXPERIMENT STATION VICKSBURG==ETC F/6 13/2

NONDESTRUCTIVEE TESTING FOR LIGHT AIRCRAFT PAVEMENTS, PHASE ITee-ETC(U)

NOV 80 A J BUSH DOT=FA78WAI-888
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n-ggn
AN

ﬂaudﬁ
BRSO
RN 1]
nan?n

Janqn
02nn
2110
ﬂﬂi;n

0414ﬂ
03150
2150
D Wt
e =40
a0
09200

n44nm
12410
03420
03430
09440
3450
I4E0
w34 n
134320
g9
PRS00
u4€1nr'

6;54H|.
nuﬁqm

cil

kR

2%
[

1
1on

0eZyle 12 HDT NEEDED FOP IMITIALIZIMG THE FM MATFIM

. COHTIHIE

s LOOP INITIALIZES FM iMoo
o 20 M=1.+.4
LL= M+t 2
nn &0 i=3.4
FM HeMe 1= i MsMa 10 @ (KRN Y-
COMTIMUE
oo &x KFi=esH
k=M_~k1
K=K+l
g =Pel,. oH ks
IF D0, LT, -88,)> M=-38,
IF iDR-82, 3 22253
CONT INUE
372y 1) =EXP 'OG)
DESER-3E D WA I F- 23 W
30 TO 24
CONTINUE
Bile2r =1,
eZs1r=1.EC0
COMTINUE
DO 2% M=1.4
LL=iM+1 22
g 2% J4=:2.4
FMKeMe 3= 30K * PMikKsls )2
o PMikKss.d3 > & Rillsel)
kKeMe 37 & PMOKEK 2 I3
CaMed4s © PMKKEsds )0 3 & QC(LLs2)

CONTINUE
COMT INUE
:DLVE FOR C NS> AND DuUNS»

T3=c. eVl
T4 =T2-1.0

FMc1 = PePMCls a3 4PM133s33) + TI0UPMIL1s2y 20 ~FM{ls4ds 20D
FMi2Y= PoiPMilels20—PMils3e300 + T4 FMI1+2930+PM1sds 20
FMi3 = FOPMrlal1sd4)+PMi153542) + T30 iPMi 12945 -PM(1+4+4:
FM(47= P®iPMil:1:4)-PMc132:42)> + T4oPM(1:2:42+PM154+41"
DFRC=SC 10 - 7 cFMi1) OFM(4) ~FM 32 oFM (2D ) oFPoP)
RLCaMZy = 0,0
BolLCeNZ» = 0,0
CoLCeN -FM 3 oDFAC
DeLZHoMI» = FMI1YoDFAC
EACKSDLYE FOR THE OTHER AsEB«CH D
DO 21 K1=1sN
AL kK1) =(PMIKLy 1 s 30 @0 (LCoNZI+PM k19 1+ 40 oD LTy NSO D
BeLCoKid=iPMKlsg SC LU NI +PMIK s 2+ 40 @D (LCyNSH > -
LT K1) = PMik e 20 20 @0 LCo NS +PM (K19 3+:42 D (LCyNED ).
DrlCsk12=cPMcK1s4s 3100 (LCYyNEI+PMI(KTs4:4> 0D CLE NQ)‘x‘E(Kl\
COMTINUE
FETURNM
EML
SURPOLUTINE ZIMER <RAsEBsNKERP, IDIMD
ZIMED
THIZ TUBRDUTINE SOLVE: R TYSTEM OF LINEAR EQUATIONS
A<= EY THE METHOD 0OF PIVOTAL CDNDENSATION.IT IS UZED
FOR DENZE MATRICES OF COEFFICIENTE.
CALLING ARGUMENTZ:

A: THE MAME OF AN N EY N MRATRIX OF COEFFICIENTS OF THE EQUATIONS

WHICH IS DEZTROYED DURING COMPUTATION.




4
AS T E: THE HAME OF AN AFFAY COMTARIMING THE M COMITHTC, X
LA MH: THE OFRDEF OF THE ZYvZTEM i
R T I VEFF: INDICATOP PETURNED EYv THE ZURPOUTIME MHICH 1°
LOST TN TN OME IF ZWITEM IT TIMGULAR AMD JEFO OTHEFRL]ZE, E
TS RO FEARD A COLUMN BY COLUMN, ;
e St s
W3 DIMEMIION R IDIMJIDIM B IDIM2 oL SO0 M50 \
eI N EFI=1E-» f
NS0 EFIOP=FF oEF
W9 ) t EFF=0
1 L CLERF OUT FEFMUTATION YELTOFRS
o * I=1+H
Melo=hn
3 Lrlv=n
AT LOOF FOF M FIYOT POINTS
narten 0 14 ¥P=1sH
W70 F=u,
0aAr4n FIff=n,
waAassn g v I=1eN

00 T t=1leH
IFeMi T 1 Tade?V
IF L i TeSey
T=R+1¢ 3¢
TIuR=TeT
IF «TIOR-PI0F'PaTré
F=T
FIoR=TIOR
tP=1
kL=
COMT INUE
IF PIOR-EFIORY 1T« 17T+
X MebPo=ki]
1 1 LiklCrv=1
RI000 oIvIDE €Y ROW EBY PIVOT
naatn D0 20 =18
0 IF L ¢ v 20e 30300
@ RikPs Li=RikRe Jr <P
e CONT IMLE
EKR=E kR -P
() BikP)=EkF
PRI e TURTPACT ML TIPLE OF KEY POW FROM OTHER ROWZ

0 0 D0 14 I=1+N
NAIAG IF +1-KPs321e14431

1nann 3t ZE] S Y R

1aagg 0 22 t=1.N

1o0en IF Lyl 23¢32+433
ranzn ze Ayle Je=R- e D-ROFM KRy I
1o0d4y 3z COMTINUE

10050 BiIv=E¢[y-PoEkKR

10060 14 CONTINUE

1no7oce FREORPDER FESLLTS

10020 00 25 I=1+N

1ngran IP=M ]

foL1a0n 23S ReIPs1y=Re I N
10110 g 26 I=1sN

10120 e EtIdv=RAsetn

10120 FETLIFM

tn140c: EFPOF ACTION

10150 17 rEPP=]

101640 PETURN

{otvn EMD
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t APPENDIX C: CGUIDE TO USE OF COMPUMIER PROGRAM PAVEVAL

The computer program PAVEVAL calculables the atlowable load-

carrying capucity and the required overlay thickness for rigid and
flexible pavements. A program listing is contained in the report by
Weiss.3 Input guides, typical inputs, and typical outputs are fur-
nished in this appendix for evaluation of load-carrying capability of

both flexible and rigid pavements.

¢ INPUT GUIDE FOR FLEXIBLE PAVEMENTS
Line 1
Title 80 characters
Line 2
NSYS
NSYS = Number of problems to run
Line 3
EKEY EKEY2
EKEY = Limiting strain and stress subroutine code: set = 2,
for calls to subroutine flex
EKEY2 = Pavement problem code: set = 0, for allowable load
Line b

ES EA YRN | ALOAD | ALIN CAREA DSM SWL PCRATIO

ES

Subgrade modulus, psi

EA

Asphalt modulus of existing layer

YRN = Yearly load repetition number
ALOAD = Initial load, 1b
ALIN = Load increment, 1b

CAREA = Contact area (nre), in.?

C-1




DSM = Dynamic stiffness modulus, for reference only (any number)
SWL = Set = 0
PCRATIO = Pass-to-coverage ratio

Line S

NLAYS ISMO IRED

NLAYS = Number of layers in payement system

ISMO

Request for rough computational procedure: set = 0

IRED = Input f